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COMPOSITE COMPRISING A METAL OR ALLOY AND A SHAPE MEMORY ALLOY 

This invention relates to a composite, element 
comprising a metal or metal alloy component in 
combination with a shape memory alloy component, to a 
method of making such a composite element, and an article 
comprising such a composite element. 

Metals and metal alloys are sometimes used in 
applications in which they are exposed, in service, to a 
wide range of temperatures. One example is high 
performance motor-sport applications, where various 
vehicle parts, e.g. brake parts, especially brake 
calipers, may have to withstand in-service temperatures 
up to about 260°C, specifically without substantial 
reduction in elastic modulus as the temperature is 
increased . 

For high performance motor sport applications, the 
materials must also be low weight, and currently 
conventional aluminium alloys are used. These have an 
elastic modulus of about 70 GPa at room temperature. 
However, while these are suitable for some classes of 
motor sport, they are unsuitable for other higher classes 
of motor-sport vehicles because their elastic modulus is 
not sufficiently stable, decreasing rapidly at 
temperatures greater than 150°C. For such high 
performance motor-sport applications in which a more 
stable elastic modulus is required, it is. known to use 
particulate reinforced aluminium alloy composite 
materials. These materials typically exhibit an elastic 
modulus in the range 90-110 GPa, and this is stable up to 
about 200°C. However the elastic modulus of even these 
reinforced aluminium alloy composites tends to decrease 
rapidly at higher temperatures. Also recent changes in 
regulations governing the motor-sport industry have 
stipulated that at least for some classes the elastic 
modulus of materials used must not exceed 80 GPa. This 
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recent regulation effectively precludes the use of the 
known particulate-reinforced aluminium alloy materials. 

Shape memory alloys (SMA) are also well known. An 
SMA material has the ability to "remember" its shape, 
i.e. it can undergo an apparent plastic deformation at a 
lower temperature that can be recovered on heating to a 
higher temperature. This shape memory effect (SME) is 
associated with a special group of alloys that undergo a 
crystal structure change on changing the temperature by a 
shear movement of atom planes, the higher temperature 
phase being termed the austenite phase, and the lower 
temperature phase being termed the martensite phase. 
These phases are characterised by critical temperatures 
A s , A F , Ms, and M Ff where the subscripts S and F denote the 
start and finish temperatures respectively of the phase 
transformations M A on heating and A — » M on cooling. 
Martenisitic transformation can instead be stress-induced 
in the austenite phase,, at a temperature above the M s 
temperature. Alloys treated in this way are known as 
stress-induced martensite (SIM) alloys and typically 
exhibit superelast icity . 

SMA materials are best known for their use in 
applications which take advantage of (a) the shape change 
accompanying the martensite-austenite phase change, 
either in free recovery to cause motion or strain, or in 
constrained recovery to generate a stress, or (b) in 
applications which employ the superelasticity achieved by 
stress-induced martensite (SIM) formation. Specific 
examples of applications of SMA materials include pipe 
couplings, actuators in electrical appliances, sensors, 
surgical tools such as catheters, forceps, remote grips, 
orthodontic applications as brace wires, dental root 
implants etc. 

Various compositions of SMA are known, but the most 
commonly used are titanium-nickel alloys. 
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A SMA/Aluminium composite is known from "Ni— Ti SMA- 
reinforced aluminium composites", by G.A. Porter, P.K. 
Liaw, T.N. Tiegs and K. H. Wu, published in J.O.M., 
October 2000. This describes a nickel-titanium shape 
memory alloy that has been distributed through an 
aluminium matrix, using powder metallurgy processing. In 
the composite the aluminium constituted 90 volume 
percent. The composite was cold rolled at -30°C to 
activate the shape memory effect so that when reheated to 
the austenite phase the SMA was expected to return to its 
original shape while embedded in the aluminium matrix. 
It was thought that this action would strengthen the 
material and improve fatigue resistance. This reference 
therefore describes a specific application of the SME of 
SMA materials to achieve improved strength and fatigue 
resistance . 

Another known, but not typically used, property of 
SMA materials is that they exhibit a modulus change with 
temperature. This modulus change is associated with the 
martensite-austenite phase change and occurs with or 
without any applied deformation of the material in the 
martensite phase. Thus, for example it is known that a 
Ni-Ti SMA may show a modulus increase as the temperature 
increases. The temperature' at which this modulus 
increase begins depends on the M s temperature of the 
material, and hence on the specific composition of the 
SMA. A typical Ni-Ti SMA material may show an increase 
in modulus from about 55 to 90 GPA from about 0°C to about 
180°C. This modulus increase exhibited by SMA materials 
is described in "Ni-Ti base Shape Memory Alloys" by K.N. 
Melton, in "Engineering aspects of Shape Memory Alloys" 
Eds. T.W.Duerig et al., Butterworth-Heinemann Publication 
(1990) ) . 

We have discovered that a composite element 
employing a combination of a metal or metal alloy as a 
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first component and a SMA as a second component can be 
made that has an elastic modulus that does not fall as 
the temperature is increased. 

A first aspect of the present invention provides a 
composite element comprising : (a ) a metal or metal alloy 
component having an elastic modulus that decreases with 
increasing temperature in a temperature range; and (b) 
sufficient amount of a shape memory alloy component 
having an elastic modulus that shows an increase in 
elastic modulus with increasing temperature in the said 
temperature range such that the elastic modulus of the 
composite element does not fall substantially as the 
temperature is increased across the said temperature 
range . 

Where we use the term metal or metal alloy in this 
specification we mean a conventional metal that does not 
show the martensite-austenite crystal structure change on 
changing the temperature associated with a SMA. 

Preferably the elastic modulus does not fall by more 
than lOGPa as the temperature is increased across the 
said temperature range. More preferably the elastic 
modulus does not fall by more than 5GPa as the 
temperature is increased across the said temperature 
range. Most preferably the elastic modulus does not fall 
at all as the temperature is increased across the said 
temperature range. The elastic modulus must not fall 
substantially, but may rise, as the temperature is 
increased across the said temperature range. However, 
preferably the nature and relative quantities of the 
metal or metal alloy and the SMA are chosen such that the 
elastic modulus of the composite element is substantially 
stable across the said temperature range, i.e. neither 
falls substantially nor rises substantially across the 
said temperature range. In particular preferably the 
elastic modulus of the composite element varies by at 
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most 25 GPa across the said temperature range. Depending 
on the application and temperature range, the elastic 
modulus preferably varies by at most 20GPa, 15GPa, 12 GPa 
or lOGPa across the said temperature range. 

The elastic modulus measurement may be isotropic for 
the composite element, or may vary according to the 
direction of measurement. A non-isotropic variation in 
elastic modulus of the composite element may result, for 
example, from a non-unif ormly dispersed arrangement of 
SMA alloy within the metal or metal alloy. Where 
reference is made to the elastic modulus value, this 
means the value when measured in at least one direction 
of the composite element. While a different value of 
elastic modulus may be measured in other directions, the 
skilled man would be able to design the manner in which 
he arranged the composite element in operation in order 
to take advantage of the controlled elastic modulus in 
the said at least one direction. 

According to the invention the elastic modulus of 
the metal or metal alloy component decreases, and the 
elastic modulus of the SMA increases with increasing 
temperature in the same temperature range, the 
combination being such that the elastic modulus of the 
overall composite element does not fall across the 
temperature range. For preferred embodiments according 
to the invention the minimum temperature of the said 
temperature range is at least 20°C. Similarly for 
preferred embodiments according to the invention the 
maximum temperature of the said temperature range is at 
most 400°C. However other narrower temperature ranges 
within the wide temperature range of 20°C-400°C are also 
preferred for certain applications. For example the 
minimum temperature of the said temperature range over 
which the elastic modulus does not substantially fall may 
be 150°C, or 260°C and the maximum temperature of the said 
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temperature range over which the elastic modulus does not 
substantially fall may be 260°C, 300°C or 350°C. 

Control of the elastic modulus of the composite 
element is achieved by adding sufficient amount of the 
SMA. Preferably the shape memory alloy component is 
present in an amount that is more than 10% by volume 
based on the overall volume of the composite article. 
For certain applications larger percentages of SMA may be 
desirable. For example the shape memory alloy may 
preferably be present in an amount this is more than 12%, 
15%, 20%, 40% or even 60% by volume based on the overall 
volume of the composite element. In general increasing 
the volume percentage of SMA increases the extent of the 
said temperature range over which fall of the elastic 
modulus is substantially prevented. 

The increase in modulus of the SMA material with 
increasing temperature is thought to be associated with 
the martensite to austenite phase change, the elastic 
modulus of the SMA material initially falling with 
increasing temperature (when in its martensite phase), 
reaching a minimum cusp at the M s temperature, and then 
beginning to rise again with increasing temperature (when 
in its austenite phase) . Preferably the SMA used in the 
invention is one having a M s temperature that is either 
below or just above the minimum temperature of the said 
specified temperature range. For a particularly preferred 
embodiment according to the present invention, the M s 
temperature of the SMA alloy is preferably in the range 
20-30°C, especially about 25°C. We have also found that 
the absolute value of the elastic modulus of the 
composite element can be varied by appropriate selection 
of the SMA. While a SMA having a M s of 25°C is most 
preferred, especially for achieving an absolute elastic 
modulus that is less than 80GPA, it is also envisaged 
that a SMA having a higher M s transition temperature, e.g. 
in the range 50-60°C might be used, especially where a 
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higher absolute elastic modulus is required. In other 
terms this can be expressed by saying that a preferred 
SMA for use in the invention is one in which the minimum 
cusp in the modulus/temperature curve for the material is 
at 25°C, but by appropriate other selection of SMA 
material this minimum cusp can be displaced to a higher 
or lower temperature therefore achieving a different 
temperature range over which the elastic modulus of the 
composite element is substantially prevented from 
falling, and/or a higher or lower absolute modulus value 
at a desired temperature. 

A number of metals or metal alloys would be suitable 
for use in the composite element. It is especially 
preferred to use aluminium or an aluminium alloy. This is 
particularly advantageous for applications where low 
weight is also desirable in addition to controlled 
modulus. As other examples of metal alloys that might be 
particularly useful in the present invention to achieve 
controlled modulus effects there may be mentioned 
magnesium-based or zinc-based alloys. 

Similarly any shape memory alloy may be used but it 
is especially preferred to use a nickel /titanium shape 
"memory alloy. A pure nickel/titanium alloy may be used. 
More usually other materials may be present, e.g. 
silicon, iron, copper, manganese, magnesium, chromium. 

The composite element comprises both a metal or 
metal alloy and a SMA. These may be arranged together in 
a number of suitable ways. Preferably the shape memory 
alloy component is at least partly embedded in the metal 
or metal alloy component. This may be achieved, for 
example, using a core of the shape memory alloy component 
and a cover of the metal or metal alloy component. In 
this case the cover is preferably swaged onto the core. 
The core of the shape memory alloy component is 
preferably elongate, and the outer cover of the metal or 
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metal alloy component tubular. For example the core may 
be a wire core, preferably a central core. 

In another example a shape memory alloy component 
may be provided in the form of a plurality of elongate 
members embedded in a matrix of the metal or metal alloy 
component. These may for example take the form of wires 
or rods of any cross-section extending in any direction, 
e.g. in a series of parallel or random directions in the 
metal or alloy, or may be in the form of a net. 

In yet another example the shape memory alloy 
component may be provided in the form of discrete 
particles embedded in a matrix of the metal or metal 
alloy component. These may be relatively large or small. 
In the latter case, the discrete particles of the shape 
memory alloy component may have been distributed through 
the metal or metal alloy component using a powder- 
metallurgy processing technique. The nature of 
distribution of the particles in the metal or metal alloy 
and the processing route would generally be discernible 
by visual examination or testing of the composite 
element . 

Depending on the application of the composite 
element its weight may be an important factor . For 
example for the motor sport applications described above 
low weight is desirable. For these and other 
applications, the composite element preferably has a 
maximum density of at most 4.5 gcm-3. 

As mentioned above, in general increasing the volume 
percentage of SMA increases the extent of the said 
temperature range over which fall of the elastic modulus 
is substantially prevented. However increasing the 
volume percentage of SMA may also increase the overall 
density of the composite material. This depends on the 
selection of materials for the metal and the SMA, but is 
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usually the case when, as preferred, the metal or metal 
alloy comprises aluminium. Therefore the choice of the 
optimum volume percentage of SMA is a trade-off of 
maximising the temperature range over which the fall of 
elastic modulus is substantially prevented, while 
minimising the density. For preferred composite elements 
according to the present invention this trade-off is 
preferably achieved by using a composite element having a 
volume fraction of SMA in the range 20-25 percent, 
preferably about 23 percent. 

The composite element according to the invention 
takes advantage of the increasing elastic modulus of a 
SMA with increasing temperature, but does not use the SME 
(shape memory effect) normally used in elements 
incorporating SMAs . Since the SME is not used, the 
composite element according to the invention does not 
need to be, and is therefore preferably not, deformed 
during its manufacturing process at a temperature below M s 
of the shape memory alloy component. Thus, the composite 
element may contain a shape memory alloy component that 
has not been treated to enable it to exhibit shape memory 
behaviour in the future, or, so that it already exhibits 
the results of such behaviour (e.g. residual stresses, or 
a length change) . 

The combination of a metal or metal alloy with a SMA 
that. has not been deformed below the M s temperature is 
novel per se, regardless of the elastic modulus behaviour 
of the resulting composite. Therefore a second aspect of 
the present invention provides a composite element 
comprising a metal or metal alloy component and a shape 
memory alloy component, the metal or metal alloy 
component having an elastic modulus that decreases with 
increasing temperature in a temperature range, and the 
shape memory alloy component having an elastic modulus 
that shows an increase in elastic modulus with increasing 
temperature in the said temperature range, wherein the 
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composite element has not been deformed during its 
manufacturing process at a temperature below M s of the 
shape memory alloy component . 

A third aspect of the invention provides an article 
comprising a composite element according to the 
invention. Preferably the article is one for use at high 
in-service temperatures up to at least 260°C, or even 
300°C, 350°C or 400°C. In a particularly preferred 
embodiment the article is suitable for use in a motor 
sport vehicle, especially for use as part of a vehicle 
brake, e.g. as a brake caliper. The said temperature 
range over which the elastic modulus of the composite 
element does not substantially fall according to the 
invention is preferably the operating or in-service 
temperature range seen in use by the article. 

A fourth aspect of the present invention provides a 
method of making a composite element, comprising 

(i) providing (a) a metal or metal alloy component 
having an elastic modulus that decreases with increasing 
temperature in a specified temperature range, and (b) 
sufficient amount of a shape memory alloy component 
having an elastic modulus that shows an increase in 
elastic modulus in the specified temperature range such 
that the elastic modulus of the composite element does 
not fall substantially over the said temperature range; 
and 

(ii) at least partially embedding the shape memory 
alloy component in the metal or metal alloy component. 

A fifth aspect of the invention provides a method of 
making a composite element, comprising 

(i) providing (a) a metal or metal alloy component 
having an elastic modulus that decreases with increasing 
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temperature in a specified temperature range, and (b) a 
shape memory alloy component having an elastic modulus 
that shows an increase in elastic modulus in the 
specified temperature range, and 

(ii) at least partially embedding the shape memory 
alloy component in the metal or metal alloy component; 

wherein the method does not include deforming the 
composite element at a temperature below M s of the shape 
memory alloy component. 

It will be evident from the foregoing that a process 
for making either a composite element, or an article, for 
use in a high temperature environment (e.g. temperatures 
exceeding 100°C, and usually at least 200°C) may involve, 
as a crucial step, selecting a shape memory alloy 
component having a suitable composition and M s temperature 
(e.g. in the range 10°-40°C, preferably 20-30°C) , in a 
suitable volume per cent, so that the element or article 
exhibits the desired elastic modulus behaviour. 

Preferred aspects of the composite element according 
to the invention as described above also apply to the 
methods of making the composite element according to the 
invention . 

The invention will now be illustrated with reference 
to the following examples, which refer to the 
accompanying drawings, in which: 

Figure 1 is a graph showing the elastic 
modulus/temperature curve of a Ni-Ti SMA of the type used 
in the composite elements of the examples; 

Figure 2 is a graph showing the effect of SMA volume 
fraction on the elastic modulus of composite elements of 
the examples, as measured at room temperature; 
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Figure 3 is a graph showing the elastic 
modulus/temperature curves for various composite elements 
according to the examples and for the aluminium alloy 
component of the composite elements of the examples; and 

Figure 4 is a graph showing the elastic 
modulus/temperature curve for the 6061 aluminium alloy + 
23% SMA composite shown in Figure 3 and three comparative 
conventional materials . 

Examples 

Ten composite elements according to the present 
invention were made by providing a shape memory alloy 
component in the form of wires of different diameter, 
and positioning each wire within a tube of an aluminium 
alloy and swaging the aluminium alloy tube onto the 
central SMA wire at room temperature. The SMA wires with 
the martensitic/austenitic transformation temperature M s 
of about 25°C and an expected minimum elastic modulus 
value at about 25°C were specially purchased and on 
receipt specimens were prepared for thermal analysis 
using differential scanning calorimetry to confirm that 
the material displayed the desired microstructural 
characteristics . 

SMA wires of 2.6 mm, 3mm and 4mm diameter were used, 
and different diameters of aluminium alloy tube, the 
combinations of aluminium alloy tubing and central SMA 
wire diameter being chosen to produce a set of coaxially 
reinforced SMA/Al-alloy composite elements having a 
volume fraction of SMA to Aluminium alloy in the range 
17% to 65%. The outer diameter of both the SMA wire and 
the alloy tube of the fabricated composite element (i.e. 
after the swaging operation) were measured to calculate 
the volume fraction of the SMA. 
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The SMA component used in each of the composite 
elements was a nickel-titanium SMA comprising 44.1 weight 
percent Nickel and 55.9 weight percent Titanium. As noted 
above, it had an M s temperature of about 25°C. The 
dfferential canning calorimetry test on the as-supplied 
SMA alloy wire (2.6mm sample) confirmed that the 
austenitic-martensitic transformation occurred within the 
temperature range 20°C to -10°C, and the reverse 
martensite-austenite transformation occurred in the 
interval 45°C to 72°C. 

The variation of elastic modulus with temperature of 
an SMA material of the type and composition used in the 
test samples is shown by the graph in Figure 1. This 
Figure is taken from "Ni-Ti based Shape Memory Alloys" by 
K.N. Melton in "Engineering aspects of Shape Memory 
Alloys" Eds T.W. Duerig et al. The actual 
modulus/temperature curve of the SMA of the samples 
actually used might vary slightly from that shown in 
Figure 1 due to processing variables in SMA manufacture. 
As can be seen from the Figure, the modulus initially 
falls to the minimum cusp value, and then rises with 
increasing temperature, from a minimum value of about 
55GPa at the minimum cusp temperature to a maximum value 
of about 75 GPa at 450K (177°C) . 

The aluminium alloy component used in each of the 
examples is designated as 6061/T6. This is a standard 
aluminium alloy having the composition set out in Table 1 
below. The variation of the elastic modulus with 
temperature of the aluminium alloy is shown as one of the 
curves in Figure 4. As can be seen it is at its maximum 
at room temperature, but starts to fall rapidly after the 
temperature is increased above 150°C. 
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Table I : Composition of Aluminium Alloy 





Si 


Fe 


Cu 


Mn 


Mg 


Cr 


Zn 


Ti 


Al 


wt% 


0.4- 
0.8 


0.7 


0.1- 
0.4 


0.15 


0.8- 
1.2 


0.04- 
0.35 


0.25 


0.15 


balance 



The "T6" reference in the 6061/T6 aluminium alloy 
designation refers to the standard heat treatment process 
for this alloy. 

The formed composite elements were examined after 
fabrication using optical microscopy to ensure that the 
aluminium tubing was intimately in contact with the SMA 
reinforcing wire. This examination showed that swaging 
proved to be a successful method for producing 
unidirectional, co-axial SMA wire reinforced aluminium 
composites, and that intermediate annealing was not 
required during the swaging operation. 

Then test samples, 150 mm in length, were cut from 
each of the swaged composite elements, heat treated 
according to the known T6 process for 20 minutes at 525°C, 
cold water quenched and then aged at 175°C for 8 hours, 
the ageing process being mainly to restore the properties 
of the aluminium matrix alloy and to remove any residual 
stresses in the SMA following the swaging process. 

The elastic modulus of each of the test composite 
element samples was determined at room temperature (20°C) 
using a dual averaging extensometer with a gauge length 
of 20mm to measure strain. The samples were arranged so 
that the modulus measurement was made in the axial 
direction of each of the coaxial SMA wire-reinforced 
composite samples. Testing was performed by repeatedly 
loading and unloading the samples (a minimum of five 
times) to just below the elastic limit of the composite 
material. For comparison the elastic moduli of a A16061 
aluminium alloy test sample, in the T6 heat treated 
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conditions, and without any SMA present (example 11), and 
of SMA alloy test samples of different diameter, with no 
aluminium alloy present (example 12) were also determined 
at room temperature using the same method. The results 
of elastic modulus testing are shown in Table 2 below. 



Table 2- Elastic Modulus Testing at Room Temperature 



Example 


Before swaging 


After Swaging 


%SMA 


Avera 


Number 


Al allov 


SMA wire* 


Al allov 


SMA wire 

\mJ 1 V If \ Wil 




elast 




tl ihp 


diamptpr 


tube 


diameter 




modu 




VJ II 1 ICI IOIVI 1 


Mm 


dimension 


mm 




GP« 




s mm 




s mm (OD) 










(ODf\D) 












1 


7.9/4.0 


2.6 


6.25 


2.6 


17.31 


65.C 


2 


7.9/4.0 


2.6 


6.25 


2.6 


17.31 


63.; 


3 


7.9/4.0 


3.0 


6.2 


3.0 


23.41 


65.: 


4 


6.15/2.8 


2.6 


5.0 


2.55 


26.01 


55. I 


5 


6.2/3.7 


2.6 


4.85 


2.5 


26.57 


57. ( 


6 


6.2/4.2 


2.6 


4.7 


2.55 


29.44 


62. ! 


. 7 


6.2/4.2 


3.0 


5.024 


2.78 


30.62 


69.< 


8 


7.9/4.2 


4.0 


6.2 


3.95 


40.59 


45( 


9 


6.2/4.2 


4.0 


4.95 


4.0 


65.30 


43.! 


10 


6.2/4.2 


4.0 


4.95 


4.0 


65.30 


53.' 


11* 


Solid Al 
alloy 








0.0 


70( 


12* 




Solid SMA 






100.0 


41.0-5 



* Comparative Examples 



The elastic modulus of certain of the test samples 
(examples 3, 8, 9/10 and 11) was also determined at 
elevated temperatures, specifically at 150°C, 260°C, 
300°C, 350°C, and 400°C. Tensile testing at elevated 
temperatures was carried out by standard tensile testing 
methods, using a single sided water cooled transducer 
extensometer with a gauge length of 25mm to measure 
strain. Again the elastic modulus of the test samples 
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was measured, in the axial direction, by repeatedly 
loading and unloading the samples (a minimum of five 
times) to just below the elastic limit of the composite 
material. As before, for comparison the elastic modulus 
of a A16061 aluminium alloy test sample, in the T6 heat 
treated conditions, and without any SMA present (example 
11), was also determined at the same elevated 
temperatures using the same tensile testing method. The 
results are shown in Table 3 below, the results for room 
temperature testing from Table 2 having been copied into 
Table 3 for easy comparison. In Table 3 approximate 
values for % SMA are given, as can be seen by comparison 
with Table 2. 



Table 3- Elastic Modulus Testing over a range of Temperatures 



Ex. No 


Material 


Measur 

ed 
density 
gcm-3 


Average elastic moduli measured at different 
test temperatures (GPa) 


20°C 


150° 

c 


260° 

C 


300° 

c 


350° 

c 


400° 

c 


11* 


6061 
alloy T6 


2.7 


70.0 


69 


50.6 


41.2 


34.6 


23.6 


3 


6061 + 
23%SM 
A 


3.43 


65.3 


73.5 


68.2 


66.2 


60.8 


58.9 


8 


6061 + 
41%SM 
A 


3.78 


45.6 


74.6 


70.4 


69.6 


66.4 


56.4 


9/10 


6061 + 
65%SM 
A 


4.44 


43.5 
/ 

53.4 


75.8 


74.2 


71.2 


72.7 


65.3 



^Comparative Example 

Test samples 1,2, and 4-7 were not tested at 
elevated temperatures, but it is expected that their 
elastic modulus would follow a similar pattern at 
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elevated temperatures to tested samples of similar SMA 
content- .- 

From Table 2 it can be seen that room temperature 
testing on the different test samples shows that the 
elastic modulus tends to decrease with increasing SMA 
volume fraction. This is also illustrated graphically in 
Figure 2 . 

From Table 3, it can be seen by looking at the 
elastic modulus measurements for the comparative pure 
aluminium alloy sample (example 11) that up to 150°C the 
elastic modulus is almost unaffected by temperature, but 
at 260°C the elastic modulus is already decreased from 
70GPa to 50.6GPa. Furthermore, at higher temperatures 
the modulus decreases more rapidly, reaching a minimum 
value of 24 GPa at 400°C. In contrast the elastic modulus 
of the composite samples containing volume fractions of 
SMA of 23%, 41% and 65% does not decrease at all at 
temperatures up to 260°C, nor even at temperatures up to 
300°C. For example at 2 60°C the aluminium alloy (example 
11) exhibits a modulus of 50.6GPa, while the composite 
sample containing 23vol% SMA (example 3) exhibits a 
modulus of 68.2 GPa; higher modulus values being realised 
in the higher volume percent SMA samples (examples 8 and 
9/10) . Even at higher temperatures of 350°C and 400°C, 
the composite samples show only a slight fall in elastic 
modulus value when compared to their modulus value at 
room temperature. 

It will be seen from Table 3 that the room 
temperature measurements of the moduli of test sample 
examples 8 and 9/10 (41 and 65 vol % SMA respectively) 
vary between about 43 and 53 GPa, which is considerably 
lower than the modulus of the aluminium alloy. It is 
thought that these low values are anomalous. It is well 
known that slight changes in SMA alloy composition and 
processing conditions displace the transformation 
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temperatures thereby effectively increasing or (in this 
case) decreasing the modulus at ambient temperature. 

Regardless of the above mentioned anomaly, it is 
clear that using the SMA/Al-alloy composite materials, a 
modulus value in the range 65-76 GPa can be achieved 
across the temperature range 150°C-300°C, i.e. a modulus 
similar to that of the aluminium alloy at room 
temperature (70GPa) . Also it can be seen that in this 
temperature range ( 150°C-300°C) , and indeed over the 
entire temperature range 20°C-300°C, the maximum fall in 
the elastic modulus of any particular example is at most 
7.3GPa (example 3), i.e. less than 10 GPa. This is to be 
compared to a fall in modulus of 27.8 GPa over the same 
temperature range for the aluminium alloy used alone 
(example 11) . Even at higher temperatures of 350°C and 
400°C it can be seen that the further fall in elastic 
modulus is only slight for the composite samples. In 
fact in the extended temperature range ( 150°O4 00°C) , and 
indeed over the entire temperature range 20°C-400°C, the 
maximum fall in the elastic modulus of any particular 
example is at most 18.2GPa (example 8), i.e. less than 
20GPa. This is to be compared to a fall in modulus of 
45.4GPa over the same temperature range for the aluminium 
alloy used alone (example 11). Furthermore even given the 
probably anomalous room temperature measurements, the 
variation in elastic modulus over the entire temperature 
range <20°C-400°C) is at most 21.8GPa (example 9/10) for 
the composite samples, i.e. less than 25 GPa. This is to 
be compared to a variation in elastic modulus over the 
entire temperature range (20°C-400°C) of 46.4GPa for the 
aluminium alloy used alone (example 11) . From Table 3 it 
can also be seen that at 400°C the elastic modulus of each 
of the composite test samples is at least 50% higher, 
actually at least 25 GPa higher than the elastic modulus 
of the aluminium alloy sample (example 11) . 
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The results of Table 3 are also illustrated 
graphically in Figure 3. 

From the results in Table 3, and from Figure 3, it can be 
seen that the composite materials of examples 3, 8,9 and 
10, and by implication the composite materials of any of 
examples 1-10 have a substantially stable elastic modulus 
at elevated temperatures up to 260°C, and even at high 
temperatures up to 300°C, 350°C and 400°C. It can also be 
seen that the absolute value of elastic modulus is less 
than 80GPa. Therefore the specific composite materials 
would be well suited to the high performance motor sport 
applications described earlier in this specification. 
For these motor sport applications, not only modulus but 
also weight is critical. Considering the density values 
for the composite given in Table 2 it can be seen that 
increasing the SMA volume percent increases the density 
and hence the weight of any made part. Thus for the 
motor sport applications the best selection of composite 
material is example 3, containing 23 volume percent SMA, 
since this achieves good elastic modulus stabilisation 
while having a lower density than the other tested 
samples. More generally it is expected that a composite 
comprising the SMA in a volume percent in the range 20- 
26% would be especially preferred for the motor sport 
application . 

The effect of temperature increase from 20°C to 400°C 
on the elastic modulus of the SMA alloy composite 
containing 23 volume percent SMA (example 3) was also 
compared against the effect of temperature increase over 
the same temperature range on the elastic modulus of the 
following comparative prior art materials: 

(a) Wrought 2618 T6 (2.3%Cu, 1.6% Mg, 1.0%Ni, l.l%Fe, 
0.7% Ti, 0.18% Si, balance Al - all weight percents; 
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(b) Alloy (a) above reinforced with 20wt % A1 2 0 3 by a 
casting process by Duralcan; 

(c) 17% Silicon carbide reinforced 2124 Aluminium alloy 
(4.5%Cu, 0.6% Mn, 1.5% Mg, balance Al) produced via a 
powder metallurgy technique by Aerospace Metal 
Composites; and 

(d) 25% Silicon carbide reinforced 2124 Aluminium alloy 
(as in (c) above) . 

Alloy (a) is an alloy often used for high 
temperature applications, and alloys (b) , (c) , and (d) 
are examples of the particulate reinforced aluminium 
alloy composite materials of the type described in the 
introduction to the present specification. 

The results of the modulus testing are set out in 
graphical form in Figure 4. From this Figure it can be 
seen that the wrought 2618 alloy (a) (shown by square 
data points) has a modulus similar to the composite 
sample according to the invention (shown by diamond data 
points) at room temperature, but that the modulus of the 
wrought 261 alloy falls at temperatures higher than 150°C. 
Similarly although the conventional metal matrix 
composite materials (alloy (b) - shown by triangular data 
points, alloy (c) shown by "x" data points and alloy (d) 
shown by data points) exhibit significantly higher 

modulus values at temperatures up to 260°C, their modulus 
decreases rapidly at higher temperatures to values 
similar to the wrought 2618 alloy (a) at 400°C. The alloy 
according to the invention has a modulus which falls far 
less at these higher temperatures. 
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CLAIMS 

1. A composite element comprising : (a) a metal or metal 
alloy component having an elastic modulus that decreases 
with increasing temperature in a temperature range; and 
(b) sufficient amount of a shape memory alloy component 
having an elastic modulus that shows an increase in 
elastic modulus with increasing temperature in the said 
temperature range such that the elastic modulus of the 
composite element does not fall substantially as the 
temperature is increased across . the said temperature 
range . 

2. A composite element according to claim 1, wherein 
the elastic modulus of the composite element is 
substantially stable across the said temperature range. 

3. A composite element according to claim 1, wherein 
the elastic modulus varies by at most 25 GPa across the 
said temperature range. 

4 . A composite element according to any preceding 
claim, wherein the minimum temperature of the said 
temperature range is at least 20°C. 

5. A composite element according to any preceding 
claim, wherein the maximum temperature of the said 
temperature range is at most 400°C. 

6. A composite element according to any preceding 
claim, wherein the temperature range is 20°O400°C and the 
fall in elastic modulus of the composite element is less 
than 20GPa across this temperature range. 

7 . A composite element according to any preceding 
claim, wherein the temperature range is 20°C-300°C and the 
fall in elastic modulus of the composite element is less 
than lOGPa across this temperature range. 
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8. A composite element according to any preceding 
claim, wherein the shape memory alloy component is 
present in an amount that is more than 10% by volume 
based on the overall volume of the composite article. 

9. A composite element according to any preceding claim 
wherein the SMA has a Ms temperature in the range 2 0°C to 
3 0°C, and is preferably about 2 5°C. 

10. A composite element according to any preceding 
claim, wherein the metal is aluminium or the metal alloy 
comprises aluminium. 

11. A composite element according to any preceding 
claim, wherein the shape memory alloy is a 
nickel/titanium shape memory alloy. 

12. A composite element according to any preceding 
claim, wherein the shape memory alloy component is at 
least partly embedded in the metal or metal alloy 
component . 

13. A composite element according to claim 12, 
comprising a core of the shape memory alloy component and 
a cover of the metal or metal alloy component. 

14. A composite element according to claim 13, wherein 
the cover is swaged onto the core. 

15. A composite element according to claim 13 or 14, 
comprising an elongate core of the shape memory alloy 
component, and an outer tubular cover of the metal or 
metal alloy component. 

16. A composite element according to claim 12, wherein 
the shape memory alloy component is provided in the form 
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of a plurality of elongate members embedded in a matrix 
of the metal or metal alloy component. 

17. A composite element according to claim 12, wherein 
the shape memory alloy component is provided in the form 
of discrete particles embedded in a matrix of the metal 
or metal alloy component. 

18. A composite element according to claim 17, wherein 
the discrete particles of the shape memory alloy 
component have been distributed through the metal or 
metal alloy component using a powder-metallurgy 
processing technique . 

19. A composite element according to any preceding 
claim, having a maximum density of at most 4.5 gem' 3 . 

20. A composite element according to any preceding claim 
that has not been deformed during its manufacturing 
process at a temperature below M s of the shape memory 
alloy component. 

21. A composite element comprising a metal or metal alloy 
component and a shape memory alloy component, the metal 
or metal alloy component having an elastic modulus that 
decreases with increasing temperature in a temperature 
range, and the shape memory alloy component having an 
elastic modulus that shows an increase in elastic modulus 
with increasing temperature in the said temperature 
range, wherein the composite element has not been 
deformed during its manufacturing process at a 
temperature below M s of the shape memory alloy component. 

22. An article comprising a composite element according 
to any preceding claim. 

23. An article according to claim 22, for use at 
temperatures up to at least 260°C. 
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24. An article according to claim 22 or 23, for use in a 
motor sport vehicle. 

25. An article according to any of claims 22-24, for use 
as part of a vehicle brake. 

26. A method of making a composite element, comprising 

(i) providing (a) a metal or metal alloy component having 
an elastic modulus that decreases with increasing 
temperature in a specified temperature range, and (b) 
sufficient amount of a shape memory alloy component 
having an elastic modulus that shows an increase in 
elastic modulus in the specified temperature range such 
that the elastic modulus of the composite element does 
not fall substantially over the said temperature range,- 
and 

(ii) at least partially embedding the shape memory alloy 
component in the metal or metal alloy component. 

27. A method of making a composite element, 

comprising 

(i) providing (a) a metal or metal alloy component having 
an elastic modulus that decreases with increasing 
temperature in a specified temperature range, and (b) a 
shape memory alloy component having an elastic modulus 
that shows an increase in elastic modulus in the 
specified temperature range, and 

(ii) at least partially embedding the shape memory alloy 
component in the metal or metal alloy component; 

wherein the method does not include deforming the 
composite element at a temperature below M s of the shape 
memory alloy component. 
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28. A method according to claim 26 or 27, comprising 
providing the shape memory alloy component as a core, and 
positioning the metal or metal alloy component as a cover 
around the core. 

29. A method according to claim 28, wherein the shape 
memory alloy component is provided as an elongate core, 
and the metal or metal alloy component is provided as a 
tubular cover that is positioned around the core. 

30. A method according to claim 2 8 or 29, comprising the 
additional step of swaging the cover onto the core. 

31. A method according to claim 26 or 27, wherein the 
metal or metal alloy component and the shape memory alloy 
component are each provided as a powder, and the step of 
embedding the shape memory alloy component in the metal 
or metal alloy component comprises a powder metallurgy 
process. 

32. A method according to any of claims 26-31 for making 
a composite element or article according to any of claims 
1-20. 

33. A composite element, an article or a method 
substantially as hereinbefore described with reference to 
the accompanying Figures. 
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COMPOSITE COMPRISING A METAL OR ALLOY AND A SHAPE MEMORY ALLOY 

This invention relates to a composite element 
comprising a metal or metal alloy component in 
combination with a shape memory alloy component, to a 
method of making such a composite element, and an article 
comprising such a composite element. 

Metals and metal alloys are sometimes used in 
applications in which they are exposed, in service, to a 
wide range of temperatures. One example is high 
performance motor-sport applications, where various 
vehicle parts, e.g. brake parts, especially brake 
calipers, may have to withstand in-service temperatures 
up to about 260°C, specifically without substantial 
reduction in elastic modulus as the temperature is 
increased . 

For high performance motor sport applications, the 
materials must also be low weight, and currently 
conventional aluminium alloys are used. These have an 
elastic modulus of about 70 GPa at room temperature. 
However, while these are suitable for some classes of 
motor sport, they are unsuitable for other higher classes 
of motor-sport vehicles because their elastic modulus is 
not sufficiently stable, decreasing rapidly at 
temperatures greater than 150°C. For such high 
performance motor-sport applications in which a more 
stable elastic modulus is required, it is. known to use 
particulate reinforced aluminium alloy composite 
materials. These materials typically exhibit an elastic 
modulus in the range 90-110 GPa, and this is stable up to 
about 200°C. However the elastic modulus of even these 
reinforced aluminium alloy composites tends to decrease 
rapidly at higher temperatures. Also recent changes in 
regulations governing the motor-sport industry have 
stipulated that at least for some classes the elastic 
modulus of materials used must not exceed 80 GPa. This 
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recent regulation effectively precludes the use of the 
known part iculate-reinf orced aluminium alloy materials. 

Shape memory alloys (SMA) are also well known. An 
SMA material has the ability to "remember" its shape, 
i.e. it can undergo an apparent plastic deformation at a 
lower temperature that can be recovered on heating to a 
higher temperature. This shape memory effect ( SME) is 
associated with a special group of alloys that undergo a 
crystal structure change on changing the temperature by a 
shear movement of atom planes, the higher temperature 
phase being termed the austenite phase, and the lower 
temperature phase being termed the martensite phase. 
These phases are characterised by critical temperatures 
A s , A F , M s , and M F , where the subscripts S and F denote the 
start and finish temperatures respectively of the phase 
transformations M —> A on heating and A —> M on cooling. 
Martenisitic transformation can instead be stress-induced 
in the austenite phase,, at a temperature above the M s 
temperature. Alloys treated in this way are known as 
stress-induced martensite (SIM) alloys and typically 
exhibit superelast icity . 

SMA materials are best known for their use in 
applications which take advantage of (a) the shape change 
accompanying the martensite-austenite phase change, 
either in free recovery to cause motion or strain, or in 
constrained recovery to generate a stress, or (b)in 
applications which employ the superelasticity achieved by 
stress-induced martensite (SIM) formation. Specific 
examples of applications of SMA materials include pipe 
couplings, actuators in electrical appliances, sensors, 
surgical tools such as catheters, forceps, remote grips, 
orthodontic applications as brace. wires, dental root 
implants etc . 

Various compositions of SMA are known, but the most 
commonly used are titanium-nickel alloys. 
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A SMA/Aluminium composite is known from "Ni-Ti SMA- 
reinforced aluminium composites", by G.A. Porter, P.K. 
Liaw, T.N. Tiegs and K. H. Wu, published in J.O.M., 
October 2000. This describes a nickel-titanium shape 
memory alloy that has been distributed through an 
aluminium matrix, using powder metallurgy processing. In 
the composite the aluminium constituted 90 volume 
percent. The composite was cold rolled at -30°C to 
activate the shape memory effect so that when reheated to 
the austenite phase the SMA was expected to return to its 
original shape while embedded in the aluminium matrix. 
It was thought that this action would strengthen the 
material and improve fatigue resistance. This reference 
therefore describes a specific application of the SME of 
SMA materials to achieve improved strength and fatigue 
resistance . 

Another known, but not typically used, property of 
SMA materials is that they exhibit a modulus change with 
temperature. This modulus change is associated with the 
martensite-austenite phase change and occurs with or 
without any applied deformation of the material in the 
martensite phase. Thus, for example it is known that a 
Ni-Ti SMA may show a modulus increase as the temperature 
increases. The temperature- at which this modulus 
increase begins depends on the M s temperature of the 
material, and hence on the specific composition of the 
SMA. A typical Ni-Ti SMA material may show an increase 
in modulus from about 55 to 90 GPA from about 0°C to about 
180°C. This modulus increase exhibited by SMA materials 
is described in "Ni-Ti base Shape Memory Alloys" by K.N. 
Melton, in "Engineering aspects of Shape Memory Alloys" 
Eds. T.W.Duerig et al . , Butterworth-Heinemann Publication 
(1990) ) . 

We have discovered that a composite element 
employing a combination of a metal or metal alloy as a 
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first component and a SMA as a second component can be 
made that has an elastic modulus that does not fall as 
the temperature is increased. 

A first aspect of the present invention provides a 
composite element comprising: (a) a metal or metal alloy 
component having an elastic modulus that decreases with 
increasing temperature in a temperature range; and (b) 
sufficient amount of a shape memory alloy component 
having an elastic modulus that shows an increase in 
elastic modulus with increasing temperature in the said 
temperature range such that the elastic modulus of the 
composite element does not fall substantially as the 
temperature is increased across the said temperature 
range . 

Where we use the term metal or metal alloy in this 
specification we mean a conventional metal that does not 
show the martensite-austenite crystal structure change on 
changing the temperature associated with a SMA. 

Preferably the elastic modulus does not fall by more 
than lOGPa as the temperature is increased across the 
said temperature range. More preferably the elastic 
modulus does not fall by more than 5GPa as the 
temperature is increased across the said temperature 
range. Most preferably the elastic modulus does not fall 
at all as the temperature is increased across the said 
temperature range. The elastic modulus must not fall 
substantially, but may rise, as the temperature is 
increased across the said temperature range. However, 
preferably the nature and relative quantities of the 
metal or metal alloy and the SMA are chosen such that the 
elastic modulus of the composite element is substantially 
stable across the said temperature range, i.e. neither 
falls substantially nor rises substantially across the 
said temperature range. In particular preferably the 
elastic modulus of the composite element varies by at 



L 
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st 25 GPa across the said temperature range. Depending 
on the application and temperature range, the elastic 
modulus preferably varies by at most 20GPa, 15GPa, 12 GPa 
or lOGPa across the said temperature range. 

The elastic modulus measurement may be isotropic for 
the composite element, or may vary according to the 
direction of measurement. A non-isotropic variation in 
elastic modulus of the composite element may result, for 
example, from a non-unif ormly dispersed arrangement of 
SMA alloy within the metal or metal alloy. Where 
reference is made to the elastic modulus value, this 
means the value when measured in at least one direction 
of the composite element. While a different value of 
elastic modulus may be measured in other directions, the 
skilled man would be able to design the manner in which 
he arranged the composite element in operation in order 
to take advantage of the controlled elastic modulus in 
the said at least one direction. 

According to the invention the elastic modulus of 
the metal or metal alloy component decreases, and the 
elastic modulus of the SMA increases with increasing 
temperature in the same temperature range, the 
combination being such that the elastic modulus of the 
overall composite element does not fall across the 
temperature range. For preferred embodiments according 
to the invention the minimum temperature of the said 
temperature range is at least 20°C. Similarly for 
preferred embodiments according to the invention the 
maximum temperature of the said temperature range is at 
most 400°C. However other narrower temperature ranges 
within the wide temperature range of 20°C-40O°C are also 
preferred for certain applications. For example the 
minimum temperature of the said temperature range over 
which the elastic modulus does not substantially fall may 
be 150°C, or 260°C and the maximum temperature of the said 
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temperature range over which the elastic modulus does not 
substantially fall may be 260°C, 300°C or 350°C. 

Control of the elastic modulus of the composite 
element is achieved by adding sufficient amount of the 
SMA. Preferably the shape memory alloy component is 
present in an amount that is more than 10% by volume 
based on the overall volume of the composite article. 
For certain applications larger percentages of SMA may be 
desirable. For example the shape memory alloy may 
preferably be present in an amount this is more than 12%, 
15%, 20%, 40% or even 60% by volume based on the overall 
volume of the composite element. In general increasing 
the volume percentage of SMA increases the extent of the 
said temperature range over which fall of the elastic 
modulus is substantially prevented. 

The increase in modulus of the SMA material with 
increasing temperature is thought to be associated with 
the martensite to austenite phase change, the elastic 
modulus of the SMA material initially falling with 
increasing temperature (when in its martensite phase) , 
reaching a minimum cusp at the M s temperature, and then 
beginning to rise again with increasing temperature (when 
in its austenite phase) . Preferably the SMA used in the 
invention is one having a M s temperature that is either 
below or jus/t above the minimum temperature of the said 
specified temperature range. For a particularly preferred 
embodiment according to the present invention, the M s 
temperature of the SMA alloy is preferably in the range 
20-30°C, especially about 25°C. We have also found that 
the absolute value of the elastic modulus of the 
composite element can be varied by appropriate selection 
of the SMA. While a SMA having a M s of 25°C is most 
preferred, especially for achieving an absolute elastic 
modulus that is less than 80GPA, it is also envisaged 
that a SMA having a higher M s transition temperature, e.g. 
in the range 50-60°C might be used, especially where a 
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higher absolute elastic modulus is required. In other 
terms this can be expressed by saying that a preferred 
SMA for use in the invention is one in which the minimum 
cusp in the modulus/temperature curve for the material is 
at 25°C, but by appropriate other selection of SMA 
material this minimum cusp can be displaced to a higher 
or lower temperature therefore achieving a different 
temperature range over which the elastic modulus of the 
composite element is substantially prevented from 
falling, and/or a higher or lower absolute modulus value 
at a desired temperature. 

A number of metals or metal alloys would be suitable 
for use in the composite element. It is especially 
preferred to use aluminium or an aluminium alloy. This is 
particularly advantageous for applications where low 
weight is also desirable in addition to controlled 
modulus. As other examples of metal alloys that might be 
particularly useful in the present invention to achieve 
controlled modulus effects there may be mentioned 
magnesium-based or zinc-based alloys. 

Similarly any shape memory alloy may be used but it 
is especially preferred to use a nickel/titanium shape 
memory alloy. A pure nickel/titanium alloy may be used. 
More usually other materials may be present, e.g. 
silicon, iron, copper, manganese, magnesium, chromium. 

The composite element comprises both a metal or 
metal alloy and a SMA. These may be arranged together in 
a number of suitable ways. Preferably the shape memory 
alloy component is at least partly embedded in the metal 
or metal alloy component. This may be achieved, for 
example, using a core of the shape memory alloy component 
and a cover of the metal or metal alloy component. In 
this case the cover is preferably swaged onto the core. 
The core of the shape memory alloy component is 
preferably elongate, and the outer cover of the metal or 
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metal alloy component tubular. For example the core may 
be a wire core, preferably a central core. 

In another example a shape memory alloy component 
may be provided in the form of a plurality of elongate 
members embedded in a matrix of the metal or metal alloy 
component. These may for example take the form of wires 
or rods of any cross-section extending in any direction, 
e.g. in a series of parallel or random directions in the 
metal or alloy, or may be in the form of a net. 

In yet another example the shape memory alloy 
component may be provided in the form of discrete 
particles embedded in a matrix of the metal or metal 
alloy component. These may be relatively large or small. 
In the latter case, the discrete particles of the shape 
memory alloy component may have been distributed through 
the metal or metal alloy component using a powder- 
metallurgy processing technique. The nature of 
distribution of the particles in the metal or metal alloy 
and the processing route would generally be discernible 
by visual examination or testing of the composite 
element . 

Depending on the application of the composite 
element its weight may be an important factor. For 
example for the motor sport applications described above 
low weight is desirable. For these and other 
applications, the composite element preferably has a 
maximum density of at most 4.5 gcm-3. 

As mentioned above, in general increasing the volume 
percentage of SMA increases the extent of the said 
temperature range over which fall of the elastic modulus 
is substantially prevented. However increasing the 
volume percentage of SMA may also increase the overall 
density of the composite material. This depends on the 
selection of materials for the metal and the SMA, but is 
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usually the case when, as preferred, the metal or metal 
alloy comprises aluminium. Therefore the choice of the 
optimum volume percentage of SMA is a trade-off of 
maximising the temperature range over which the fall of 
elastic modulus is substantially prevented, while 
minimising the density. For preferred composite elements 
according to the present invention this trade-off is 
preferably achieved by using a composite element having a 
volume fraction of SMA in the range 20-25 percent, 
preferably about 23 percent. 

The composite element according to the invention 
takes advantage of the increasing elastic modulus of a 
SMA with increasing temperature, but does not use the SME 
(shape memory effect) normally used in elements 
incorporating SMAs . Since the SME is not used, the 
composite element according to the invention does not 
need to be, and is therefore preferably not, deformed 
during its manufacturing process at a temperature below M s 
of the shape memory alloy component. Thus, the composite 
element may contain a shape memory alloy component that 
has not been treated to enable it to exhibit shape memory 
behaviour in the future, or, so that it already exhibits 
the results of such behaviour (e.g. residual stresses, or 
a length change) . 

The combination of a metal or metal alloy with a SMA 
that has not been deformed below the M s temperature is 
novel per se, regardless of the elastic modulus behaviour 
of the resulting composite. Therefore a second aspect of 
the present invention provides a composite element 
comprising a metal or metal alloy component and a shape 
memory alloy component, the metal or metal alloy 
component having an elastic modulus that decreases with 
increasing temperature in a temperature range, and the 
shape memory alloy component having an elastic modulus 
that shows an increase in elastic modulus with increasing 
temperature in the said temperature range, wherein the 



BNSDOCID: <WO 03047794A1_IA> 



WO 03/047794 



10 



PCT/GB02/05343 



composite element has not been deformed during its 
manufacturing process at a temperature below M s of the 
shape memory alloy component. 

A third aspect of the invention provides an article 
comprising a composite element according to the 
invention. Preferably the article is one for use at high 
in-service temperatures up to at least 260°C, or even 
300°C, 350°C or 400°C. In a particularly preferred 
embodiment the article is suitable for use in a motor 
sport vehicle, especially for use as part of a vehicle 
brake, e.g. as a brake caliper. The said temperature 
range over which the elastic modulus of the composite 
element does not substantially fall according to the 
invention is preferably the operating or in-service 
temperature range seen in use by the article. 

A fourth aspect of the present invention provides a 
method of making a composite element, comprising 

(i) providing (a) a metal or metal alloy component 
having an elastic modulus that decreases with increasing 
temperature in a specified temperature range, and (b) 
sufficient amount of a shape memory alloy component 
having an elastic modulus that shows an increase in 
elastic modulus in the specified temperature range such 
that the elastic modulus of the composite element does 
not fall substantially over the said temperature range; 
and 

(ii) at least partially embedding the shape memory 
alloy component in the metal or metal alloy component. 

A fifth aspect of the invention provides a method of 
making a composite element, comprising 

(i) providing (a) a metal or metal alloy component 
having an elastic modulus that decreases with increasing 
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temperature in a specified temperature range, and (b) a 
shape memory alloy component having an elastic modulus 
that shows an increase in elastic modulus in the 
specified temperature range, and 

(ii) at least partially embedding the shape memory 
alloy component in the metal or metal alloy component ; 

wherein the method does not include deforming the 
composite element at a temperature below M s of the shape 
memory alloy component. 

It will be evident from the foregoing that a process 
for making either a composite element, or an article, for 
use in a high temperature environment (e.g. temperatures 
exceeding 100°C, and usually at least 200°C) may involve, 
as a crucial step, selecting a shape memory alloy 
component having a suitable composition and M s temperature 
(e.g. in the range 10°-40°C, preferably 20-30°C) , in a 
suitable volume per cent, so that the element or article 
exhibits the desired elastic modulus behaviour. 

Preferred aspects of the composite element according 
to the invention as described above also apply to the 
methods of making the composite element according to the 
invention . 

The invention will now be illustrated with reference 
to the following examples, which refer to the 
accompanying drawings, in which: 

Figure 1 is a graph showing the elastic 
modulus/temperature curve of a Ni-Ti SMA of the type used 
in the composite elements of the examples; 

Figure 2 is a graph showing the effect of SMA volume 
fraction on the elastic modulus of composite elements of 
the examples, as measured at room temperature; 
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Figure 3 is a graph showing the elastic 
modulus/temperature curves for various composite elements 
according to the examples and for the aluminium alloy 
component of the composite elements of the examples; and 

Figure 4 is a graph showing the elastic 
modulus/temperature curve for the 6061 aluminium alloy + 
23% SMA composite shown in Figure 3 and three comparative 
conventional materials . 

Examples 

Ten composite elements according to the present 
invention were made by providing a shape memory alloy 
component in the form of wires of different diameter, 
and positioning each wire within a tube of an aluminium 
alloy and swaging the aluminium alloy tube onto the 
central SMA wire at room temperature. The SMA wires with 
the martensitic/austenitic transformation temperature M s 
of about 25°C and an expected minimum elastic modulus 
value at about 25°C were specially purchased and on 
receipt specimens were prepared for thermal analysis 
using differential scanning calorimetry to confirm that 
the material displayed the desired microstructural 
characteristics . 

- SMA wires of 2.6 mm, 3mm and 4mm diameter were used, 
and different diameters of aluminium alloy tube, the 
combinations of aluminium alloy tubing and central SMA 
wire diameter being chosen to produce a set of coaxially 
reinforced SMA/Al-alloy composite elements having a 
volume fraction of SMA to Aluminium alloy in the range 
17% to 65%. The outer diameter of both the SMA wire and 
the alloy tube of the fabricated composite element (i.e. 
after the swaging operation) were measured to calculate 
the volume fraction of the SMA. 
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The SMA component used in each of the composite 
elements was a nickel-titanium SMA comprising 44.1 weight 
percent Nickel and 55.9 weight percent Titanium. As noted 
above, it had an M s temperature of about 25°C. The 
dfferential canning calorimetry test on the as-supplied 
SMA alloy wire (2. 1 6mm sample) confirmed that the 
austenitic-martensitic transformation occurred within the 
temperature range 20°C to -10°C, and the reverse 
martensite-austenite transformation occurred in the 
interval 45°C to 72°C. 

The variation of elastic modulus with temperature of 
an SMA material of the type and composition used in the 
test samples is shown by the graph in Figure 1. This 
Figure is taken from "Ni-Ti based Shape Memory Alloys" by 
K.N. Melton in "Engineering aspects of Shape Memory 
Alloys" Eds T.W. Duerig et al. The actual 
modulus/temperature curve of the SMA of the samples 
actually used might vary slightly from that shown in 
Figure 1 due to processing variables in SMA manufacture. 
As can be seen from the Figure, the modulus initially 
falls to the minimum cusp value, and then rises with 
increasing temperature, from a minimum value of about 
55GPa at the minimum cusp temperature to a maximum value 
of about 75 GPa at 450K (177°C) . 

The aluminium alloy component used In each of the 
examples is designated as 6061/T6. This is a standard 
aluminium alloy having the composition set out in Table 1 
below. The variation of the elastic modulus with 
temperature of the aluminium alloy is shown as one of the 
curves in Figure 4. As can be seen it is at its maximum 
at room temperature, but starts to fall rapidly after the 
temperature is increased above 150°C. 
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Table 1: Composition of Aluminium Alloy 





Si 


Fe 


Cu 


Mn 


Mg 


Cr 


Zn 


Ti 


Al 


wt% 


0.4- 
0.8 


0.7 


0.1- 
0.4 


0.15 


0.8- 
1.2 


0.04- 
0.35 


0.25 


0.15 


balance 



The "T6" reference in the 6061/T6 aluminium alloy 
designation refers to the standard heat treatment process 
for this alloy. 

The formed composite elements were examined after 
fabrication using optical microscopy to ensure that the 
aluminium tubing was intimately in contact with the SMA 
reinforcing wire. This examination showed that swaging 
proved to be a successful method for producing 
unidirectional, co-axial SMA wire reinforced aluminium 
composites, and that intermediate annealing was not 
required during the swaging operation. 

Then test samples, 150 mm in length, were cut from 
each of the swaged composite elements, heat treated 
according to the known T6 process for 20 minutes at 525°C, 
cold water quenched and then aged at 175°C for 8 hours, 
the ageing process being mainly to restore the properties 
of the aluminium matrix alloy and to remove any residual 
stresses in the SMA following the swaging process. 

The elastic modulus of each of the test composite 
element samples was determined at room temperature (20°C) 
using a dual averaging extensometer with a gauge length 
of 20mm to measure strain. The samples were arranged so 
that the modulus measurement was made in the axial 
direction of each of the coaxial SMA wire-reinforced 
composite samples. Testing was performed by repeatedly 
loading and unloading the samples (a minimum of five 
times) to just below the elastic limit of the composite 
material. For comparison the elastic moduli of a A16061 
aluminium alloy test sample, in the T6 heat treated 
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conditions, and without any SMA present (example 11), and 
of SMA alloy test samples of different diameter, with no 
aluminium alloy present (example 12) were also determined 
at room temperature using the same method. The results 
of elastic modulus testing are shown in Table 2 below. 



Table 2- Elastic Modulus Testing at Room Temperature 



txampie 


Before swaging 


After Swaging 


%SMA 


Averi 


IMUmDei 


Al alloy 


SMA wire 


Al alloy 


oMA wire 




elas 




tube 


diameter 


tube 


oiameter 




modu 




dimension 


Mm 


dimension 


mm 




GP 




s mm 




s mm (OD) 










(OD/ID) 












i 
1 


7 Q/4 0 


2.6 


6.25 


2.6 


17.31 


65.' 


2 


7.9/4.0 


2.6 


6.25 


2.6 


17.31 


63. 


3 


7.9/4.0 


3.0 


6.2 


3.0 


23.41 


65. 


4 


6.15/2.8 


2.6 


5.0 


2.55 


26.01 


55. 


5 


6.2/3.7 


2.6 


4.85 


2.5 


26.57 


57. 


6 


6.2/4.2 


2.6 


4.7 


2.55 


29.44 


62. 


7 


6.2/4.2 


3.0 


5.024 


2.78 


30.62 


69, 


8 


7.9/4.2 


4.0 


6.2 


3.95 


40.59 


45.' 


9 


6.2/4.2 


4.0 


4.95 


4.0 


65.30 


43. 


10 


6.2/4.2 


4.0 


4.95 


4.0 


65.30 


53, 


11* 


Solid Al 
alloy 








0.0 


70. 


12* 




Solid SMA 






100.0 


41.0-f 



* Comparative Examples 

The elastic modulus of certain of the test samples 
(examples 3, 8, 9/10 and 11) was also determined at 
elevated temperatures, specifically at 150°C, 260°C, 
300°C, 350°C, and 400°C. Tensile testing at elevated 
temperatures was carried out by standard tensile testing 
methods, using a single sided water cooled transducer 
extensometer with a gauge length of 25mm to measure 
strain. Again the elastic modulus of the test samples 
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was measured, in the axial direction, by repeatedly 
loading and- unloading the samples (a minimum of five 
times) to just below the elastic limit of the composite 
material. As before, for comparison the elastic modulus 
of a A16061 aluminium alloy test sample, in the T6 heat 
treated conditions, and without any SMA present (example 
11), was also determined at the same elevated 
temperatures using the same tensile testing method. The 
results are shown in Table 3 below, the results for room 
temperature testing from Table 2 having been copied into 
Table 3 for easy comparison. In Table 3 approximate 
values for % SMA are given, as can be seen by comparison 
with Table 2. 



Table 3- Elastic Modulus Testing over a range of Temperatures 



Ex. No 


Material 


Measur 

ed 
density 
gcm-3 


Average elastic moduli measured at different 
test temperatures (GPa) 


20°C 


150° 

C 


260° 

c 


300° 

c 


350° 

C 


400° 

C 


11* 


6061 
alloy T6 


2.7 


70.0 


69 


50.6 


41.2 


34.6 


23.6 


3 


6061 + 
23%SM 
A 


3.43 


65.3 


73.5 


68.2 


66.2 


60.8 


58.9 


8 


6061 + 
41%SM 
A 


3.78 


45.6 


74.6 


70.4 


69.6 


66.4 


56.4 


9/10 


6061 + 
65%SM 
A 


4.44 


43.5 
/ 

53.4 


75.8 


74.2 


71.2 


72.7 


65.3 



^Comparative Example 

Test samples 1,2, and 4-7 were not tested at 
elevated temperatures, but it is expected that their 
elastic modulus would follow a similar pattern at 
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elevated temperatures to tested samples of similar SMA 
content . 

From Table 2 it can be seen that room temperature 
testing on the different test samples shows that the 
elastic modulus tends to decrease with increasing SMA 
volume fraction. This is also illustrated graphically in 
Figure 2. 

From Table 3, it can be seen by looking at the 
elastic modulus measurements for the comparative pure 
aluminium alloy sample (example 11) that up to 1S0°C the 
elastic modulus is almost unaffected by temperature, but 
at 260°C the elastic modulus is already decreased from 
70GPa to 50.6GPa. Furthermore, at higher temperatures 
the modulus decreases more rapidly, reaching a minimum 
value of 24 GPa at 400°C. In contrast the elastic modulus 
of the composite samples containing volume fractions of 
SMA of 23%, 41% and 65% does not decrease at all at 
temperatures up to 260°C, nor even at temperatures up to 
300°C. For example at 260°C the aluminium alloy (example 
11) exhibits a modulus of 50.6GPa, while the composite 
sample containing 23vol% SMA (example 3) exhibits a 
modulus of 68.2 GPa; higher modulus values being realised 
in the higher volume percent SMA samples (examples 8 and 
9/10) . Even at higher temperatures of 350°C and 400°C, 
the composite samples show only a slight fall in elastic 
modulus value when compared to their modulus value at 
room temperature. 

It will be seen from Table 3 that the room 
temperature measurements of the moduli of test sample 
examples 8 and 9/10 (41 and 65 vol % SMA respectively) 
vary between about 4 3 and 53 GPa, which is considerably 
lower than the modulus of the aluminium alloy. It is 
thought that these low values are anomalous. It is well 
known that slight changes in SMA alloy composition and 
processing conditions displace the transformation 
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temperatures thereby effectively increasing or (in this 
case) decreasing the modulus at ambient temperature. 

Regardless of the above mentioned anomaly, it is 
clear that using the SMA/Al-alloy composite materials, a 
modulus value in the range 65-76 GPa can be achieved 
across the temperature range 150°C-300°C, i.e. a modulus 
similar to that of the aluminium alloy at room 
temperature (70GPa) . Also it can be seen that in this 
temperature range ( 150°C-300°C) , and indeed over the 
entire temperature range 20°C-300°C, the maximum fall in 
the elastic modulus of any particular example is at most 
7.3GPa (example 3), i.e. less than 10 GPa. This is to be 
compared to a fall in modulus of 27.8 GPa over the same 
temperature range for the aluminium alloy used alone 
(example 11) . Even at higher temperatures of 350°C and 
400°C it can be seen that the further fall in elastic 
modulus is only slight for the composite samples. In 
fact in the extended temperature range ( 150°C-4 00°C) , and 
indeed over the entire temperature range 20°C-400°C / the 
maximum fall in the elastic modulus of any particular 
example is at most 18.2GPa (example 8), i.e. less than 
20GPa. This is to be compared to a fall in modulus of 
45.4GPa over the same temperature range for the aluminium 
alloy used alone (example 11) . Furthermore even given the 
probably anomalous room temperature measurements, the 
variation in elastic modulus over the entire temperature 
range (20°C-400°C) is at most 21.8GPa (example 9/10) for 
the composite samples, i.e. less than 25 GPa. This is to 
be compared to a variation in elastic modulus over the 
entire temperature range (20°C-400°C) of 46.4GPa for the 
aluminium alloy used alone (example 11). From Table 3 it 
can also be seen that at 400°C the elastic modulus of each 
of the composite test samples is at least 50% higher, 
actually at least 25 GPa higher than the elastic modulus 
of the aluminium alloy sample (example 11) . 
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The results of Table 3 are also illustrated 
graphically in Figure 3. 

From the results in Table 3, and from Figure 3, it can be 
seen that the composite materials of examples 3, 8,9 and 
10, and by implication the composite materials of any of 
examples 1-10 have a substantially stable elastic modulus 
at elevated temperatures up to 260°C, and even at high 
temperatures up to 300°C, 350°C and 400°C. It can also be 
seen that the absolute value of elastic modulus is less 
than 80GPa. Therefore the specific composite materials 
would be well suited to the high performance motor sport 
applications described earlier in this specification. 
For these motor sport applications, not only modulus but 
also weight is critical. Considering the density values 
for the composite given in Table 2 it can be seen that 
increasing the SMA volume percent increases the density 
and hence the weight of any made part. Thus for the 
motor sport applications the best selection of composite 
material is example 3, containing 23 volume percent SMA, 
since this achieves good elastic modulus stabilisation 
while having a lower density than the other tested 
samples. More generally it is expected that a composite 
comprising the SMA in a volume percent in the range 20- 
26% would be especially preferred for the motor sport 
application . 

The effect of temperature increase from 20°C to 400°C 
on the elastic modulus of the SMA alloy composite 
containing 23 volume percent SMA (example 3) was also 
compared against the effect of temperature increase over 
the same temperature range on the elastic modulus of the 
following comparative prior art materials: 

(a) Wrought 2618 T6 (2.3%Cu, 1.6% Mg, 1.0%Ni, l.l%Fe, 
0.7% Ti, 0.18% Si, balance Al - all weight percents; 
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(b) Alloy (a) above reinforced with 20wt % A1 2 0 3 by a 
casting process by Duralcan; 

(c) 17% Silicon carbide reinforced 2124 Aluminium alloy 
(4.5%Cu, 0.6% Mn, 1.5% Mg, balance Al) produced via a 

powder metallurgy technique by Aerospace Metal 

Composites; and 

(d) 25% Silicon carbide reinforced 2124 Aluminium alloy 
(as in (c) above) . 

Alloy (a) is an alloy often used for high 
temperature applications, and alloys (b) , (c) , and (d) 
are examples of the particulate reinforced aluminium 
alloy composite materials of the type described in the 
introduction to the present specification. 

The results of the modulus testing are set out in 
graphical form in Figure 4 . From this Figure it can be 
seen that the wrought 2618 alloy (a) (shown by square 
data points) has a modulus similar to the composite 
sample according to the invention (shown by diamond data 
points) at room temperature, but that the modulus of the 
wrought 261 alloy falls at temperatures higher than 150°C. 
Similarly although the conventional metal matrix 
composite materials (alloy (b) - shown by triangular data 
points, alloy (c) shown by "x" data points and alloy (d) 
shown by data points) exhibit significantly higher 

modulus values at temperatures up to 260°C, their modulus 
decreases rapidly at higher temperatures to values 
similar to the wrought 2618 alloy (a) at 400°C. The alloy 
according to the invention has a modulus which falls far 
less at these higher temperatures. 
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CLAIMS 

1. A composite element comprising : (a) a metal or metal 
alloy component having an elastic modulus that decreases 
with increasing temperature in a temperature range; and 
(b) sufficient amount of a shape memory alloy component 
having an elastic modulus that shows an increase in 
elastic modulus with increasing temperature in the said 
temperature range such that the elastic modulus of the 
composite element does not fall substantially as the 
temperature is increased across the said temperature 
range . 

2. A composite element according to claim 1, wherein 
the elastic modulus of the composite element is 
substantially stable across the said temperature range. 

3. A composite element according to claim 1, wherein 
the elastic modulus varies by at most 25 GPa across the 
said temperature range . 

4. A composite element according to any preceding 
claim, wherein the minimum temperature of the said 
temperature range is at least 20°C. 

5. A composite element according to any preceding 
claim, wherein the maximum temperature of the said 
temperature range is at most 400°C. 

6. A composite element according to any preceding 
claim, wherein the temperature range is 20°C-400°C and the 
fall in elastic modulus of the composite element is less 
than 20GPa across this temperature range. 

7 . A composite element according to any preceding 
claim, wherein the temperature range is 20°C-300°C and the 
fall in elastic modulus of the composite element is less 
than lOGPa across this temperature range. 
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8. A composite element according to any preceding 
claim, wherein the shape memory alloy component is 
present in an amount that is more than 10% by volume 
based on the overall volume of the composite article. 



9. A composite element according to any preceding claim 
wherein the SMA has a Ms temperature in the range 20°C to 
3 0°C, and is preferably about 2 5°C. 

10. A composite element according to any preceding 
claim, wherein the metal is aluminium or the metal alloy 
comprises aluminium. 

11. A composite element according to any preceding 
claim, wherein the shape memory alloy is a 
nickel/titanium shape memory alloy. 

12. A composite element according to any preceding 
claim, wherein the shape memory alloy component is at • 
least partly embedded in the metal or metal alloy 
component . 

13. A composite element according to claim 12, 
comprising a core of the shape memory alloy component and 
a cover of the metal or metal alloy component. 

14. A composite element according to claim 13, wherein 
the cover is swaged onto the core. 

"15. A composite element according to claim 13 or 14, 
comprising an elongate core of the shape memory alloy 
component, and an outer tubular cover of the metal or 
metal alloy component. 

16. A composite element according to claim 12, wherein 
the shape memory alloy component is provided in the form 
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of a plurality of elongate members embedded in a matrix 
of the metal or metal alloy component. 

17. A composite element according to claim 12, wherein 
the shape memory alloy component is provided in the form 
of discrete particles embedded in a matrix of the metal 
or metal alloy component. 

18. A composite element according to claim 17, wherein 
the discrete particles of the shape memory alloy 
component have been distributed through the metal or 
metal alloy component using a powder-metallurgy 
processing technique . 

19. A composite element according to any preceding 
claim, having a maximum density of at most 4.5 gem 3 . 

20. A composite element according to any preceding claim 
that has not been deformed during its manufacturing 
process at a temperature below M s of the shape memory 
alloy component. 

21. A composite element comprising a metal or metal alloy 
component and a shape memory alloy component, the metal 
or metal alloy component having an elastic modulus that 
decreases with increasing temperature in a temperature 
range, and the shape memory alloy component having an 
elastic modulus that shows an increase in elastic modulus 
with increasing temperature in the said temperature 
range, wherein the composite element has not been 
deformed during its manufacturing process at a 
temperature below M s of the shape memory alloy component. 

22. An article comprising a composite element according 
to any preceding claim. 

23. An article according to claim 22, for use at 
temperatures up to at least 260°C. 
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24. An article according to claim 22 or 23, for use in a 
motor sport vehicle . 

25. An article according to any of claims 22-24, for use 
as part of a vehicle brake. 

26. A method of making a composite element, comprising 

(i) providing (a) a metal or metal alloy component having 
an elastic modulus that decreases with increasing 
temperature in a specified temperature range, and (b) 
sufficient amount of a shape memory alloy component 
having an elastic modulus that shows an increase in 
elastic modulus in the specified temperature range such 
that the elastic modulus of the composite element does 
not fall substantially over the said temperature range; 
and 

(ii) at least partially embedding the shape memory alloy 
component in the metal or metal alloy component. 

27. A method of making a composite element, 
comprising 

(i) providing (a) a metal or metal alloy component having 
an elastic modulus that decreases with increasing 
temperature in a specified temperature range, and (b) a 
shape memory alloy component having an elastic modulus 
that shows an increase in elastic modulus in the 
specified temperature range, and 

(ii) at least partially embedding the shape memory alloy 
component in the metal or metal alloy component; 

wherein the method does not include deforming the 
composite element at a temperature below M s of the shape 
memory alloy component. 
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28. A method according to claim 26 or 27, comprising 
providing the shape memory alloy component as a core, and 
positioning the metal or metal alloy component as a cover 
around the core . 

29. A method according to claim 28, wherein the shape 
memory alloy component is provided as an elongate core, 
and the metal or metal alloy component is provided as a 
tubular cover that is positioned around the core. 

30. A method according to claim 28 or 29, comprising the 
additional step of swaging the cover onto the core. 

31. A method according to claim 26 or 27, wherein the 
metal or metal alloy component and the shape memory alloy 
component are each provided as a powder, and the step of 
embedding the shape memory alloy component in the metal 
or metal alloy component comprises a powder metallurgy 
process . 

32. A method according to any of claims 26-31 for making 
a composite element or article according to any of claims 
1-20 . 

33. A composite element, an article or a method 
substantially as hereinbefore described with reference to 
the accompanying Figures . 
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COMPOSITE COMPRISING A METAL OR ALLOY AND A SHAPE MEMORY ALLOY 

This invention relates to a composite, element 
comprising a metal or metal alloy component in 
combination with a shape memory alloy component, to a 
method of making such a composite element, and an article 
comprising such a composite element. 

Metals and metal alloys are sometimes used in 
applications in which they are exposed, in service, to a 
wide range of temperatures. One example is high 
performance motor-sport applications, where various 
vehicle parts, e.g. brake parts, especially brake 
calipers, may have to withstand in-service temperatures 
up to about 260°C, specifically without substantial 
reduction in elastic modulus as the temperature is 
increased. 

For high performance motor sport applications, the 
materials must also be low weight, and currently 
conventional aluminium alloys are used. These have an 
elastic modulus of about 70 GPa at room temperature. 
However, while these are suitable for some classes of 
motor sport, they are unsuitable for other higher classes 
of motor-sport vehicles because their elastic modulus is 
not sufficiently stable, decreasing rapidly at 
temperatures greater than 150°C. For such high 
performance motor-sport applications in which a more 
stable elastic modulus is required, it is. known to use 
particulate reinforced aluminium alloy composite 
materials. These materials typically exhibit an elastic 
modulus in the range 90-110 GPa, and this is stable up to 
about 200°C. However the elastic modulus of even these 
reinforced aluminium alloy composites tends to decrease 
rapidly at higher temperatures. Also recent changes in 
regulations governing the motor-sport industry have 
stipulated that at least for some classes the elastic 
modulus of materials used must not exceed 80 GPa. This 
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cent regulation effectively precludes the use of the 
known particulate-reinf orced aluminium alloy materials. 

Shape memory alloys (SMA) are also well known. An 
SMA material has the ability to "remember" its shape, 
i.e. it can undergo an apparent plastic deformation at a 
lower temperature that can be recovered on heating to a 
higher temperature. This shape memory effect (SME) is 
associated with a special group of alloys that undergo a 
crystal structure change on changing the temperature by a 
shear movement of atom planes, the higher temperature 
phase being termed the austenite phase, and the lower 
temperature phase being termed the martensite phase. 
These phases are characterised by critical temperatures 
A s , A F , M s , and M F , where the subscripts S and F denote the 
start and finish temperatures respectively of the phase 
transformations M -> A on heating and A — > M on cooling. 
Martenisitic transformation can instead be stress-induced 
in the austenite phase,, at a temperature above the M s 
temperature. Alloys treated in this way are known as 
stress-induced martensite (SIM) alloys and typically 
exhibit superelasticity . 

SMA materials are best known for their use in 
applications which take advantage of (a) the shape change 
accompanying the martensite-austenite phase change, 
either in free recovery to cause motion or strain, or in 
constrained recovery to generate a stress, or (b) in 
applications which employ the superelasticity achieved by 
stress-induced martensite (SIM) formation. Specific 
examples of applications of SMA materials include pipe 
couplings, actuators in electrical .appliances, sensors, 
surgical tools such as catheters, forceps, remote grips, 
orthodontic applications as brace wires, dental root 
implants etc. 

Various compositions of SMA are known, but the most 
commonly used are titanium-nickel alloys. 
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A SMA/Aluminium composite is known from x> Ni-Ti SMA- 
reinforced aluminium composites", by G.A. Porter, P.K. 
Liaw, T.N. Tiegs and K. H. Wu, published in J.O.M., 
October 2000. This describes a nickel-titanium shape 
memory alloy that has been distributed through an 
aluminium matrix, using powder metallurgy processing. In 
the composite the aluminium constituted 90 volume 
percent. The composite was cold rolled at -30°C to 
activate the shape memory effect so that when reheated to 
the austenite phase the SMA was expected to return to its 
original shape while embedded in the aluminium matrix. 
It was thought that this action would strengthen the 
material and improve fatigue resistance. This reference 
therefore describes a specific application of the SME of 
SMA materials to achieve improved strength and fatigue 
resistance. 

Another known, but not typically used, property of 
SMA materials is that they exhibit a modulus change with 
temperature. This modulus change is associated with the 
martensite-austenite phase change and occurs with or 
without any applied deformation of the material in the 
martensite phase. Thus, for example it is known that a 
Ni-Ti SMA may show a modulus increase as the temperature 
increases. The temperature*, at which this modulus 
increase begins depends on the M s temperature of the 
material, and hence on the specific composition of the 
SMA. A typical Ni-Ti SMA material may show an increase 
in modulus from about 55 to 90 GPA from about 0°C to about 
180°C. This modulus increase exhibited by SMA materials 
is described in "Ni-Ti base Shape Memory Alloys" by K.N. 
Melton, in "Engineering aspects of Shape Memory Alloys" 
Eds. T.W.Duerig et al., Butterworth-Heinemann Publication 
(1990)). 

We have discovered that a composite element 
employing a combination of a metal or metal alloy as a 
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first component and a SMA as a second component can be 
made that has an elastic modulus that does not fall as 
the temperature is increased. 

A first aspect of the present invention provides a 
composite element comprising : (a) a metal or metal alloy 
component having an elastic modulus that decreases with 
increasing temperature in a temperature range; and (b) 
sufficient amount of a shape memory alloy component 
having an elastic modulus that shows an increase in 
elastic modulus with increasing temperature in the said 
temperature range such that the elastic modulus of the 
composite element does not fall substantially as the 
temperature is increased across the said temperature 
range . 

Where we use the term metal or metal alloy in this 
specification we mean a conventional metal that does not 
show the martensite-austenite crystal structure change on 
changing the temperature associated with a SMA. 

Preferably the elastic modulus does not fall by more 
than lOGPa as the temperature is increased across the 
said temperature range. More preferably the elastic 
modulus does not fall by more than 5GPa as the 
temperature is increased across the said temperature 
range. Most preferably the elastic modulus does not fall 
at all as the temperature is increased across the said 
temperature range. The elastic modulus must not fall 
substantially, but may rise, as the temperature is 
increased across the said temperature range. However, 
preferably the nature and relative quantities of the 
metal or metal alloy and the SMA are chosen such that the 
elastic modulus of the composite element is substantially 
stable across the said temperature range, i.e. neither 
falls substantially nor rises substantially across the 
said temperature range. In particular preferably the 
elastic modulus of the composite element varies by at 
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most 25 GPa across the said temperature range. Depending 
on the application and temperature range, the elastic 
modulus preferably varies by at most 20GPa, 15GPa, 12 GPa 
or lOGPa across the said temperature range. 

The elastic modulus measurement may be isotropic for 
the composite element, or may vary according to the 
direction of measurement. A non-isotropic variation in 
elastic modulus of the composite element may result, for 
example, from a non-unif ormly dispersed arrangement of 
SMA alloy within the metal or metal alloy. Where 
reference is made to the elastic modulus value, this 
means the value when measured in at least one direction 
of the composite element. While a different value of 
elastic modulus may be measured in other directions, the 
skilled man would be able to design the manner in which 
he arranged the composite element in operation in order 
to take advantage of the controlled elastic modulus in 
the said at least one direction. 

According to the invention the elastic modulus of 
the metal or metal alloy component decreases, and the 
elastic modulus of the SMA increases with increasing 
temperature in the same temperature range, the 
combination being such that the elastic modulus of the 
overall composite element does not fall across the 
temperature range. For preferred embodiments according 
to the invention the minimum temperature of the said 
temperature range is at least 20°C. Similarly for 
preferred embodiments according to the invention the 
maximum temperature of the said temperature range is at 
most 4 00°C. However other narrower temperature ranges 
within the wide temperature range of 20°C-400°C are also 
preferred for certain applications. For example the 
minimum temperature of the said temperature range over 
which the elastic modulus does not substantially fall may 
be 150°C, or 260°C and the maximum temperature of the said 
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temperature range over which the elastic modulus does not 
substantially fall may be 260°C, 300°C or 350°C. 

Control of the elastic modulus of the composite 
element is achieved by adding sufficient amount of the 
SMA. Preferably the shape memory alloy component is 
present in an amount that is more than 10% by volume 
based on the overall volume of the composite article. 
For certain applications larger percentages of SMA may be 
desirable. For example the shape memory alloy may 
preferably be present in an amount this is more than 12%, 
15%, 20%, 40% or even 60% by volume based on the overall 
volume of the composite element. In general increasing 
the volume percentage of SMA increases the extent of the 
said temperature range over which fall of the elastic 
modulus is substantially prevented. 

The increase in modulus of the SMA material with 
increasing temperature is thought to be associated with 
the martensite to austenite phase change, the elastic 
modulus of the SMA material initially falling with 
increasing temperature (when in its martensite phase) , 
reaching a minimum cusp at the M s temperature, and then 
beginning to rise again with increasing temperature (when 
in its austenite phase) . Preferably the SMA used in the 
invention is one having a M s temperature that is either 
below or just above the minimum temperature of the said 
specified temperature range. For a particularly preferred 
embodiment according to the present invention, the M s 
temperature of the SMA alloy is preferably in the range 
20-30°C, especially about 25°C. We have also found that 
the absolute value of the elastic modulus of the 
composite element can be varied by appropriate selection 
of the SMA. While a SMA having a M s of 25°C is most 
preferred, especially for achieving an absolute elastic 
modulus that is less than 80GPA, it is also envisaged 
that a SMA having a higher M s transition temperature, e.g. 
in the range 50-60°C might be used, especially where a 
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higher absolute elastic modulus is required. In other 
terms this can be expressed by saying that a preferred 
SMA for use in the invention is one in which the minimum 
cusp in the modulus/temperature curve for the material is 
at 2 5°C, but by appropriate other selection of SMA 
material this minimum cusp can be displaced to a higher 
or lower temperature therefore achieving a different 
temperature range over which the elastic modulus of the 
composite element is substantially prevented from 
falling, and/or a higher or lower absolute modulus value 
at a desired temperature. 

A number of metals or metal alloys would be suitable 
for use in the composite element. It is especially 
preferred to use aluminium or an aluminium alloy. This is 
particularly advantageous for applications where low 
weight is also desirable in addition to controlled 
modulus. As other examples of metal alloys that might be 
particularly useful in the present invention to achieve 
controlled modulus effects there may be mentioned 
magnesium-based or zinc-based alloys. 

Similarly any shape memory alloy may be used but it 
is especially preferred to use a nickel/titanium shape 
memory alloy. A pure nickel/titanium alloy may be used. 
More usually other materials may be present, e.g. 
silicon, iron, copper, manganese, magnesium, chromium. 

The composite element comprises both a metal or 
metal alloy and a SMA. These may be arranged together in 
a number of suitable ways. Preferably the shape memory 
alloy component is at least partly embedded in the metal 
or metal alloy component. This may be achieved, for 
example, using a core of the shape memory alloy component 
and a cover of the metal or metal alloy component. In 
this case the cover is preferably swaged onto the core. 
The core of the shape memory alloy component is 
preferably elongate, and the outer cover of the metal or 
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metal alloy component tubular. For example the core may 
be a wire core, preferably a central core. 

In another example a shape memory alloy component 
may be provided in the form of a plurality of elongate 
members embedded in a matrix of the metal or metal alloy 
component. These may for example take the form of wires 
or rods of any cross-section extending in any direction, 
e.g. in a series of parallel or random directions in the 
metal or alloy, or may be in the form of a net. 

In yet another example the shape memory alloy 
component may be provided in the form of discrete 
particles embedded in a matrix of the metal or metal 
alloy component. These may be relatively large or small. 
In the latter case, the discrete particles of the shape 
memory alloy component may have been distributed through 
the metal or metal alloy component using a powder- 
metallurgy processing technique. The nature of 
distribution of the particles in the metal or metal alloy 
and the processing route would generally be discernible 
by visual examination or testing of the composite 
element . 

Depending on the application of the composite 
element its weight may be an important factor. For 
example for the motor sport applications described above 
low weight is desirable. For these and other 
applications, the composite element preferably has a 
maximum density of at most 4.5 gcm-3. 

As mentioned above, in general increasing the volume 
percentage of SMA increases the extent of the said 
temperature range over which fall of the elastic modulus 
is substantially prevented. However increasing the 
volume percentage of SMA may also increase the overall 
density of the composite material. This depends on the 
selection of materials for the metal and the SMA, but is 
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usually the case when, as preferred, the metal or metal 
alloy comprises aluminium. Therefore the choice of the 
optimum volume percentage of SMA is a trade-off of 
maximising the temperature range over which the fall of 
elastic modulus is substantially prevented, while 
minimising the density. For preferred composite elements 
according to the present invention this trade-off is 
preferably achieved by using a composite element having a 
volume fraction of SMA in the range 20-25 percent, 
preferably about 23 percent. 

The composite element according to the invention 
takes advantage of the increasing elastic modulus of a 
SMA with increasing temperature, but does not use the SME 
(shape memory effect) normally used in elements 
incorporating SMAs . Since the SME is not used, the 
composite element according to the invention does not 
need to be, and is therefore preferably not, deformed 
during its manufacturing process at a temperature below M s 
of the shape memory alloy component. Thus, the composite 
element may contain a shape memory alloy component that 
has not been treated to enable it to exhibit shape memory 
behaviour in the future, or, so that it already exhibits 
the results of such behaviour (e.g. residual stresses, or 
a length change) . 

The combination of a metal or metal alloy with a SMA 
that has not been deformed below the M s temperature is 
novel per se, regardless of the elastic modulus behaviour 
of the resulting composite. Therefore a second aspect of 
the present invention provides a composite element 
comprising a metal or metal alloy component and a shape 
memory alloy component, the metal or metal alloy 
component having an elastic modulus that decreases with 
increasing temperature in a temperature range, and the 
shape memory alloy component having an elastic modulus 
that shows an increase in elastic modulus with increasing 
temperature in the said temperature range, wherein the 
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composite element has not been deformed during its 
manufacturing process at a temperature below M s of the 
shape memory alloy component. 

A third aspect of the invention provides an article 
comprising a composite element according to the 
invention. Preferably the article is one for use at high 
in-service temperatures up to at least 2 60°C, or even 
300°C, 350°C or 400°C. In a particularly preferred 
embodiment the article is suitable for use in a motor 
sport vehicle, especially for use as part of a vehicle 
brake, e.g. as a brake caliper. The said temperature 
range over which the elastic modulus of the composite 
element does not substantially fall according to the 
invention is preferably the operating or in-service 
temperature range seen in use by the article. 

A fourth aspect of the present invention provides a 
method of making a composite element, comprising 

(i) providing (a) a metal or metal alloy component 
having an elastic modulus that decreases with increasing 
temperature in a specified temperature range, and (b) 
sufficient amount of a shape memory alloy component 
having an elastic modulus that shows an increase in 
elastic modulus in the specified temperature range such 
that the elastic modulus of the composite element does 
not fall substantially over the said temperature range; 
and 

(ii) at least partially embedding the shape memory 
alloy component in the metal or metal alloy component. 

A fifth aspect of the invention provides a method of 
making a composite element, comprising 

(i) providing (a) a metal or metal alloy component 
having an elastic modulus that decreases with increasing 
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temperature in a specified temperature range, and (b) a 
shape memory alloy component having an elastic modulus 
that shows an increase in elastic modulus in the 
specified temperature range, and 

(ii) at least partially embedding the shape memory 
alloy component in the metal or metal alloy component; 

wherein the method does not include deforming the 
composite element at a temperature below M s of the shape 
memory alloy component. 

It will be evident from the foregoing that a process 
for making either a composite element, or an article, for 
use in a high temperature environment (e.g. temperatures 
exceeding 100°C, and usually at least 200°C) may involve, 
as a crucial step, selecting a shape memory alloy 
component having a suitable composition and M s temperature 
(e.g. in the range 10°-40°C, preferably 20-30°C) , in a 
suitable volume per cent, so that the element or article 
exhibits the desired elastic modulus behaviour. 

Preferred aspects of the composite element according 
to the invention as described above also apply to the 
methods of making the composite element according to the 
invention . 

The invention will now be illustrated with reference 
to the following examples, which refer to the 
accompanying drawings, in which: 

Figure 1 is a graph showing the elastic 
modulus/temperature curve of a Ni-Ti SMA of the type used 
in the composite elements of the examples; 

Figure 2 is a graph showing the effect of SMA volume 
fraction on the elastic modulus of composite elements of 
the examples, as measured at room temperature; 
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Figure 3 is a graph showing the elastic 
modulus /temperature curves for various composite elements 
according to the examples and for the aluminium alloy 
component of the composite elements of the examples; and 

Figure 4 is a graph showing the elastic 
modulus/temperature curve for the 6061 aluminium alloy + 
23% SMA composite shown in Figure 3 and three comparative 
conventional materials. 

Examples 

Ten composite elements according to the present 
invention were made by providing a shape memory alloy 
component in the form of wires of different diameter, 
and positioning each wire within a tube of an aluminium 
alloy and swaging the aluminium alloy tube onto the 
central SMA wire at room temperature. The SMA wires with 
the martensitic/austenitic transformation temperature M s 
of about 25°C and an expected minimum elastic modulus 
value at about 25°C were specially purchased and on 
receipt specimens were prepared for thermal analysis 
using differential scanning calorimetry to confirm that 
the material displayed the desired microstructural 
characteristics . 

SMA wires of 2 . 6 mm, 3mm and 4mm diameter were used, 
and different diameters of aluminium alloy tube, the 
combinations of aluminium alloy tubing and central SMA 
wire diameter being chosen to produce a set of coaxially 
reinforced SMA/Al-alloy composite elements having a 
volume fraction of SMA to Aluminium alloy in the range 
17% to 65%. The outer diameter of both the SMA wire and 
the alloy tube of the fabricated composite element (i.e. 
after the swaging operation) were measured to calculate 
the volume fraction of the SMA. 
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The SMA component used in each of the composite 
elements was a nickel-titanium SMA comprising 44.1 weight 
percent Nickel and 55.9 weight percent Titanium. As noted 
above, it had an M s temperature of about 25°C. The 
dfferential canning calorimetry test on the as-supplied 
SMA alloy wire (2.6mm sample) confirmed that the 
austenitic-martensitic transformation occurred within the 
temperature range 20°C to -10°C, and the reverse 
martensite-austenite transformation occurred in the 
interval 45°C to 72°C. 

The variation of elastic modulus with temperature of 
an SMA material of the type and composition used in the 
test samples is shown by the graph in Figure 1. This 
Figure is taken from xx Ni-Ti based Shape Memory Alloys" by 
K.N. Melton in "Engineering aspects of Shape Memory 
Alloys" Eds T.W. Duerig et al. The actual 
modulus/temperature curve of the SMA of the samples 
actually used might vary slightly from that shown in 
Figure 1 due to processing variables in SMA manufacture. 
As can be seen from the Figure, the modulus initially 
falls to the minimum cusp value, and then rises with 
increasing temperature, from a minimum value of about 
55GPa at the minimum cusp temperature to a maximum value 
of about 75 GPa at 450K (177°C) . 

The aluminium alloy component used in each of the 
examples is designated as 6061/T6. This is a standard 
aluminium alloy having the composition set out in Table 1 
below. The variation of the elastic modulus with 
temperature of the aluminium alloy is shown as one of the 
curves in Figure 4. As can be seen it is at its maximum 
at room temperature, but starts to fall rapidly after the 
temperature is increased above 150°C. 
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Table 1: Composition of Aluminium Alloy 





Si 


Fe 


Cu 


Mn 


Mg 


Cr 


Zn 


Ti 


Al 


wt% 


0.4- 
0.8 


0.7 


0.1- 
0.4 


0.15 


0.8- 
1.2 


0.04- 
0.35 


0.25 


0.15 


balance 



The reference in the 6061/T6 aluminium alloy 

designation refers to the standard heat treatment process 
for this alloy. 

The formed composite elements were examined after 
fabrication using optical microscopy to ensure that the 
aluminium tubing was intimately in contact with the SMA 
reinforcing wire. This examination showed that swaging 
proved to be a successful method for producing 
unidirectional, co-axial SMA wire reinforced aluminium 
composites, and that intermediate annealing was not 
required during the swaging operation. 

Then test samples, 150 mm in length, were cut from 
each of the swaged composite elements, heat treated 
according to the known T6 process for 20 minutes at 525°C, 
cold water quenched and then aged at 17 5°C for 8 hours, 
the ageing process being mainly to restore the properties 
of the aluminium matrix alloy and to remove any residual- 
stresses in the SMA following the swaging process. 

The elastic modulus of each of the test composite 
element samples was determined at room temperature (20°C) 
using a dual averaging extensometer with a gauge length 
of 20mm to measure strain. The samples were arranged so 
that the modulus measurement was made in the axial 
direction of each of the coaxial SMA wire-reinforced 
composite samples. Testing was performed by repeatedly 
loading and unloading the samples (a minimum of five 
times) to just below the elastic limit of the composite 
material. For comparison the elastic moduli of a A16061 
aluminium alloy test sample, in the T6 heat treated 
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conditions, and without any SMA present (example. 11) , and 
of SMA alloy test samples of different diameter, with no 
aluminium alloy present (example 12) were also determined 
at room temperature using the same method. The results 
of elastic modulus testing are shown in Table 2 below. 



Table 2- Elastic Modulus Testing at Room Temperature 



dXa! I Iplt; 
Mi imhpr 


Before swaging 


After Swaging 


%SMA 


Average 
elastic 
modulus 
GPa 


Al alloy . 
tube 
dimension 
s mm 
(OD/ID) 


SMA wire 
diameter 
Mm 


Al alloy 
tube 
dimension 
s mm (OD) 


SMA wire 

Hiampfpr 

mm 


1 


7.9/4.0 


2.6 


6.25 


2.6 


17.31 


65.6 


2 


7.9/4.0 


2.6 


6.25 


2.6 


17.31 


63.2 


3 


7.9/4.0 


3.0 


6.2 


3.0 


23.41 


65.3 


4 


6.15/2.8 


2.6 


5.0 


2.55 


26.01 


55.5 


5 


6.2/3.7 


2.6 


4.85 


2.5 


26.57 


57.0 | 


6 


6.2/4.2 


2.6 


4.7 


2.55 


29.44 


62.8 


7 


6.2/4.2 


3.0 


5.024 


2.78 


30.62 


69.4 


8 


7.9/4.2 


4.0 


6.2 


3.95 


40.59 


45.6 


9 


6.2/4.2 


4.0 . 


4.95 


4.0 


65.30 


43.5 


10 


6.2/4.2 


4.0 


4.95 


4.0 


65.30 


53.4 


11* 


Solid Al 
alloy 








0.0 


70.0 


12* 




Solid SMA 






100.0 


41.0-54.0 



* Comparative Examples 

The elastic modulus of certain of the test, samples 
(examples 3, 8, 9/10 and 11) was also determined at 
elevated temperatures, specifically at 150°C, 260°C, 
300°C, 350°C, and 400°C. Tensile testing at elevated 
temperatures was carried out by standard tensile testing 
methods, using a single sided water cooled transducer 
extensometer with a gauge length of 25mm to measure 
strain. Again the elastic modulus of the test samples 
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was measured, in the axial direction, by repeatedly 
loading and unloading the samples (a minimum of five 
times) to just below the elastic limit of the composite 
material. As before, for comparison the elastic modulus 
of a A16061 aluminium alloy test sample, in the T6 heat 
treated conditions, and without any SMA present (example 
11), was also determined at the same elevated 
temperatures using the same tensile testing method. The 
results are shown in Table 3 below, the results for room 
temperature testing from Table 2 having been copied into 
Table 3 for easy comparison. In Table 3 approximate 
values for % SMA are given, as can be seen by comparison 
with Table 2. 

Table 3- Elastic Modulus Testing over a range of Temperatures 



Ex. No 


Material 


Measur 

ed 
density 
gcm-3 


Average elastic moduli measured at different 
test temperatures (GPa) 


20°C 


150° 

c 


260° 

c 


300° 

c 


350° 

C 


400° 

C 


11* 


6061 
alloy T6 


2.7 


70.0 


69 


50.6 


41.2 


34.6 


23.6 


3 


6061 + 
23%SM 
A 


3.43 


65.3 


73.5 


68.2 


66.2 


60.8 


58.9 


8 


6061 + 
41%SM 
A 


3.78 


45.6 


74.6 


70.4 


69.6 


66.4 


56.4 


9/10 


6061 + 
65%SM 
A 


4.44 


43.5 
/ 

53.4 


75.8 


74.2 


71.2 


72.7 


65.3 



^Comparative Example 



Test samples 1,2, and 4-7 were not tested at 
elevated temperatures, but it is expected that their 
elastic modulus would follow a similar pattern at 



BNSDOCID: <WO 03047794A1 JB> 



WO 03/047794 



PCT7GB02/05343 



17 

elevated temperatures to tested samples of similar SMA 
content . 

From Table 2 it can be seen that room temperature 
testing on the different test samples shows that the 
elastic modulus tends to decrease with increasing SMA 
volume fraction. This is also illustrated graphically in 
Figure 2 . 

From Table 3, it can be seen by looking at the 
elastic modulus measurements for the comparative pure 
aluminium alloy sample (example 11) that up to 150°C the 
elastic modulus is almost unaffected by temperature, but 
at 260°C the elastic modulus is already decreased from 
70GPa to 50.6GPa. Furthermore, at higher temperatures 
the modulus decreases more rapidly, reaching a minimum 
value of 24 GPa at 400°C. In contrast the elastic modulus 
of the composite samples containing volume fractions of 
SMA of 23%, 41% and 65% does not decrease at all at 
temperatures up to 260°C, nor even at temperatures up to 
300°C. For example at 260°C the aluminium alloy (example 
11) exhibits a modulus of 50.6GPa, while the composite 
sample containing 23vol% SMA (example 3) exhibits a 
modulus of 68.2 GPa; higher modulus values being realised 
in the higher volume percent SMA samples (examples 8 and 
9/10) . Even at higher temperatures of 350°C and 400°C, 
the composite samples show only a slight fall in elastic 
modulus value when compared to their modulus value at 
room temperature. 

It will be seen from Table 3 that the room 
temperature measurements of the moduli of test sample 
examples 8 and 9/10 (41 and 65 vol % SMA respectively) 
vary between about 43 and 53 GPa, which is considerably 
lower than the modulus of the aluminium alloy. It is 
thought that these low values are anomalous. It is well 
known that slight changes in SMA alloy composition and 
processing conditions displace the transformation 
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temperatures thereby effectively increasing or (in this 
case) decreasing the modulus at ambient temperature. 

Regardless of the above mentioned anomaly, it is 
clear that using the SMA/Al-alloy composite materials, a 
modulus value in the range 65-76 GPa can be achieved 
across the temperature range 150°C-300°C, i.e. a modulus 
similar to that of the aluminium alloy at room 
temperature (70GPa) . Also it can be seen that in this 
temperature range ( 150°C-300°C) , and indeed over the 
entire temperature range 20°C-300°C, the maximum fall in 
the elastic modulus of any particular example is at most 
7.3GPa (example 3), i.e. less than 10 GPa. This is to be 
compared to a fall in modulus of 27.8 GPa over the same 
temperature range for the aluminium alloy used alone 
(example 11). Even at higher temperatures of 350°C and 
400°C it can be seen that the further fall in elastic 
modulus is only slight for the composite samples. In 
fact in the extended temperature range ( 150°C-400°C) , and 
indeed over the entire temperature range 20°C-400°C, the 
maximum fall in the elastic modulus of any particular 
example is at most 18.2GPa (example 8), i.e. less than 
20GPa. This is to be compared to a fall in modulus of 
4 5.4GPa over the same temperature range for the aluminium 
alloy used alone (example 11) . Furthermore even given the 
probably anomalous room temperature measurements, the 
variation in elastic modulus over the entire temperature 
range (20°C-400°C) is at most 21.8GPa (example 9/10) for 
the composite samples, i.e. less than 25 GPa. This is to 
be compared to a variation in elastic modulus over the 
entire temperature range (20°C-400°C) of 46.4GPa for the 
aluminium alloy used alone (example 11) . From Table 3 it 
can also be seen that at 400°C the elastic modulus of each 
of the composite test samples is at least 50% higher, 
actually at least 25 GPa higher than the elastic modulus 
of the aluminium alloy sample (example 11) . 
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The results of Table 3 are also illustrated 
graphically in Figure 3. 

From the results in Table 3, and from Figure 3, it can be 
seen that the composite materials of examples 3, 8,9 and 
10, and by implication the composite materials of any of 
examples 1-10 have a substantially stable elastic modulus 
at elevated temperatures up to 260°C, and even at high 
temperatures up to 300°C, 350°C and 4 00°C. It can also be 
seen that the absolute value of elastic modulus is less 
than 80GPa. Therefore the specific composite materials 
would be well suited to the high performance motor sport 
applications described earlier in this specification. 
For these motor sport applications, not only modulus but 
also weight is critical. Considering the density values 
for the composite given in Table 2 it can be seen that 
increasing the SMA volume percent increases the density 
and hence the weight of any made part. Thus for the 
motor sport applications the best selection of composite 
material is example 3, containing 23 volume percent SMA, 
since this achieves good elastic modulus stabilisation 
while having a lower density than the other tested 
samples. More generally it is expected that a composite 
comprising the SMA in a volume percent in the range 20- 
26% would be especially preferred for the motor sport 
application . 

The effect of temperature increase from 20°C to 4 00°C 
on the elastic modulus of the SMA alloy composite 
containing 23 volume percent SMA (example 3) was also 
compared against the effect of temperature increase over 
the same temperature range on the elastic modulus of the 
following comparative prior art materials: 

(a) Wrought 2618 T6 (2.3%Cu, 1.6% Mg, 1.0%Ni, l.l%Fe, 
0.7% Ti, 0.18% Si, balance Al - all weight percents; 
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(b) Alloy (a) above reinforced with 20wt % A1 2 0 3 by a 
casting process by Duralcan; 

(c) 17% Silicon carbide reinforced 2124 Aluminium alloy 
(4.5%Cu, 0.6% Mn, 1-5% Mg, balance Al) produced via a 
powder metallurgy technique by Aerospace Metal 
Composites; and 

(d) 25% Silicon carbide reinforced 2124 Aluminium alloy 
(as in (c) above) . 

Alloy (a) is an alloy often used for high 
temperature applications, and alloys (b) , (c) , and (d) 
are examples of the particulate reinforced aluminium 
alloy composite materials of the type described in the 
introduction to the present specification. 

The results of the modulus testing are set out in 
graphical form in Figure 4. From this Figure it can be 
seen that the wrought 2618 alloy (a) (shown by square 
data points) has a modulus similar to the composite 
sample according to the invention (shown by diamond data 
points) at room temperature, but that the modulus of the 
wrought 261 alloy falls at temperatures higher than 150°C. 
Similarly although the conventional metal matrix 
composite materials (alloy (b) - shown by triangular data 
points, alloy (c) shown by "x" data points and alloy (d) 
shown by data points) exhibit significantly higher 

modulus values at temperatures up to 260°C, their modulus 
decreases rapidly at higher temperatures to values 
similar to the wrought- 2618 alloy (a) at 400°C. The alloy 
according to the invention has a modulus which falls far 
less at these higher temperatures. 
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CLAIMS 

1. A composite element comprising: (a) a metal or metal 
alloy component having an elastic modulus that decreases 
with increasing temperature in a temperature range; and 
(b) sufficient amount of a shape memory alloy component 
having an elastic modulus that shows an increase in 
elastic modulus with increasing temperature in the said 
temperature range such that the elastic modulus of the 
composite element does not fall substantially as the 
temperature is increased across . the said temperature 
range . 

2. A composite element according to claim 1, wherein 
the elastic modulus of the composite element is 
substantially stable across the said temperature range. 

3. A composite element according to claim 1, wherein 
the elastic modulus varies by at most 2 5 GPa across the 
said temperature range. 

4 . A composite element according to any preceding 
claim, wherein the minimum temperature of the said 
temperature range is at least 20°C. 

5. A composite element according to any preceding 
claim, wherein the maximum temperature of the said 
temperature range is at most 4 00°C. 

6. A composite element according to any preceding 
claim, wherein the temperature range is 20°C-400°C and the 
fall in elastic modulus of the composite element is less 
than 20GPa across this temperature range. 

7. A composite element according to any preceding 
claim, wherein the temperature range is 20°C-300°C and the 
fall in elastic modulus of the composite element is less 
than lOGPa across this temperature range. 
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8. A composite element according to any preceding 
claim, wherein the shape memory alloy component is 
present in an amount that is more than 10% by volume 
based on the overall volume of the composite article. 

9. A composite element according to any preceding claim 
wherein the SMA has a Ms temperature in the range 2 0°C to 
3 0°C, and is preferably about 25°C. 

10. A composite element according to any preceding 
claim, wherein the metal is aluminium or the metal alloy 
comprises aluminium. 

11. A composite element according to any preceding 
claim, wherein the shape memory alloy is a 
nickel/titanium shape memory alloy. 

12. A composite element according to any preceding 
claim, wherein the shape memory alloy component is at - 
least partly embedded in the metal or metal alloy 
component . 

13. A composite element according to claim 12, 
comprising a core of the shape memory alloy component and 
a cover of the metal or metal alloy component . 

14. A composite element according to claim 13, wherein 
the cover is swaged onto the core. 

15. A composite element according to claim 13 or 14, 
comprising an elongate core of the shape memory alloy 
component, and an outer tubular cover of the metal or 
metal alloy component. 

16. A composite element according to claim 12, wherein 
the shape memory alloy component is provided in the form 
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of a plurality of elongate members embedded in a matrix 
of the metal or metal alloy component. 

17. A composite element according to claim 12, wherein 
the shape memory alloy component is provided in the form 
of discrete particles embedded in a matrix of the metal 
or metal alloy component. 

18. A composite element according to claim 17, wherein 
the discrete particles of the shape memory alloy 
component have been distributed through the metal or 
metal alloy component using a powder-metallurgy 
processing technigue . 

19. A composite element according to any preceding 
claim, having a maximum density of at most 4.5 gem" 3 . 

20. A composite element according to any preceding claim 
that has not been deformed during its manufacturing 
process at a temperature below M s of the shape memory 
alloy component. 

21. A composite element comprising a metal or metal alloy 
component and a shape memory alloy component, the metal 
or metal alloy component having an elastic modulus that 
decreases with increasing temperature in a temperature 
range, and the shape memory alloy component having an 
elastic modulus that shows an increase in elastic modulus 
with increasing temperature in the said temperature 
range, wherein the composite element has not been 
deformed during its manufacturing process at a 
temperature below M s of the shape memory alloy component. 

22. An article comprising a composite element according 
to any preceding claim. 

23. An article according to claim 22, for use at 
temperatures up to at least 260°C. 
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24. An article according to claim 22 or 23, for use in a 
motor sport vehicle. 

25. An article according to any of claims 22-24, for use 
as part of a vehicle brake. 

26. A method of making a composite element, comprising 

(i) providing (a) a metal or metal alloy component having 
an elastic modulus that decreases with increasing 
temperature in a specified temperature range, and (b) 
sufficient amount of a shape memory alloy component 
having an elastic modulus that shows an increase in 
elastic modulus in the specified temperature range such 
that the elastic modulus of the composite element does 
not fall substantially over the said temperature range; 
and 

(ii) at least partially embedding the shape memory alloy 
component in the metal or metal alloy component. 

27. A method of making a composite element, 
comprising 

(i) providing (a) a metal or metal alloy component having 
an elastic modulus that decreases with increasing 
temperature in a specified temperature range, and (b) a 
shape memory alloy component having an elastic modulus 
that shows an increase in elastic modulus in the 
specified temperature range, and 

(ii) at least partially embedding the shape memory alloy 
component in the metal or metal alloy component ; 

wherein the method does not include deforming the 
composite element at a temperature below M s of the shape 
memory alloy component. 
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28. A method according to claim 26 or 27, comprising 
providing the shape memory alloy component as a core, and 
positioning the metal or metal alloy component as a cover 
around the core . 

29. A method according to claim 28, wherein the shape 
memory alloy component is provided as an elongate core, 
and the metal or metal alloy component is provided as a 
tubular cover that is positioned around the core. 

30. A method according to claim 28 or 29, comprising the 
additional step of swaging the cover onto the core. 

31. A method according to claim 26 or 27, wherein the 
metal or metal alloy component and the shape memory alloy 
component are each provided as a powder, and the step of 
embedding the shape memory alloy component in the metal 
or metal alloy component comprises a powder metallurgy 
process . 

32. A method according to any of claims 2 6-31 for making 
a composite element or article according to any of claims 
1-20 . 

33. A composite element, an article or a method 
substantially as hereinbefore described with reference to 
the accompanying Figures. 



BNSDOC1D: <WO 03047794A1 JB> 



WO 03/047794 



PCT/GB02/05343 



1/2 





SUBSTITUTE SHEET (RULE 26) 



BNSDOCID: <WO. 



_03047794A1_IB> 



WO 03/047794 



PCT/GB02/05343 



2/2 





80 -i 




70- 


CO 


RO - 


CL 




CD 


50- 


CO 




Z5 
Z3 


40- 






o 


30- 




20- 




10- 




0- 



Fig.3, 




6061 T6 (p=2.7 g cm-3) 

- 6061 + 23% SMA (p=3.43 g cm-3) 
* 6061 + 41% SMA (p=3.78 g cm-3) 
x 6061 + 65% SMA (p=4.44 g cm-3) 



0 50 100 150 200 250 300 

Test temperature °C 



350 400 450 



120 1 
100 
co 80 

Q_ 

O 

^ 60- 



O 



40- 
20- 
0 



Fig.4. 




2618 T6 

6061 + 23% SMA 
■ Wrought 261 8 T6 
* Cast 261 8 +20% A 1203 
x 2124 +17% SiC (AMC217) 
x 2124 +25% SiC (AMC225) 



0 50 100 150 200 250 300 350 400 450 

Temperature °C 



SUBSTITUTE SHEET (RULE 26) 



BNSDOCIO. <WO 03047794M_IB> 



INTERNATIONAL SEARCH REPORT 



Intemati Application No 

PCT/Gb 02/05343 



A. CLASSIFICATION OF SUBJECT MATTER M ^ . a /r\c 

IPC 7 B22F7/00 C22C47/14 C22C49/14 C22C49/06 



According to International Patent Classification (IPC) or to both nationa} classification and IPC 



a FIELDS SEARCHED 



Minimum documentation searched (classification system followed by classification symbols) 

IPC 7 B22F C22C 



Documentation searched other than minimum documentation to the extent thai such documents are included in the fields searched 



Electronic data base consulted during the international search (name of data base and, where practical, search terms used) 

METADEX, EPO-Internal , WPI Data, PAJ 



C. DOCUMENTS CONSIDERED TO BE RELEVANT 



Category ° 



Citation of document, wilh indication, where appropriate, of the relevant passages 



Relevant to claim No. 



PORTER, 6. A. (UNIVERSITY OF TENNESSEE) ET 
AL: "Fatigue and fracture behavior of 
nickel-titanium shape-memory alloy 
reinforced aluminum composites." 
MATERIALS SCIENCE AND ENGINEERING A (15 
SEPT. 2001) 314, (1-2), 186-193, 
PHOTOMICROGRAPHS, GRAPHS, 10 REF.. 
SWITZERLAND CONFERENCE: CYCLIC DEFORMATION 
AND FATIGUE OF SOLIDS: AN INTERNATIONAL 
SYMPOSIUM IN HONOUR OF PROFESSOR CAMPBELL 
LAIRD., NASHVILLE, 

XP001145536 
2. Procedures 
page 6 

-/— 



1-33 



m 



Further documents are listed in the continuation of box C. 



Patent family members are listed in annex. 



• Special categories of cited documents : 

•A* document defining the general state of the art which is not 

considered to be of particular relevance 
*E* earlier document but published on or after the international 

filing date 

document which may throw doubts on priority claim(s) or 
which is cited to establish the publication date of another 
citation or other special reason (as specified) 
•O' document referring to an oral disclosure, use, exhibition or 
other means 

•P" document published prior to the international filing date but 
later than the priority date claimed 



•T" later document published after the international filing date 
or priority date and not in conflict with the application but 
cited to understand the principle or theory underlying the 
invention 

■X" document of particular relevance; the claimed invention 
cannot be considered novel or cannot be considered to 
involve an inventive step when the document is taken alone 

•Y" document of particular relevance; the claimed invention 

cannot be considered to involve an inventive step when the 
document is combined with one or more other such docu- 
ments, such combination being obvious to a person skilled 
in the art. 

document member of the same patent family 



Date of the actual completion of the international search 



13 February 2003 



Date of mailing of the international search report 



27/02/2003 



Name and mailing address of the ISA 

European Patent Office, P.B. 5818 Patent laan 2 
NL - 2280 HV Rqswijk 

Tel. (+31-70) 340-2040. Tx. 31 651 epo nl, 
Fax: (+31-70) 340-3016 



Authorized officer 



Badcock, 6 



Form PCT/1SA/210 (second sheet) (Jidy 1992) 



BNSDOCID: <WO_ 



_03047794A1_IB> 



INTERNATIONAL SEARCH REPORT 



Internal)* Application No 

PCT/G6 02/05343 



C.(Continuatlon) DOCUMENTS CONSIDERED TO BE RELEVANT 



Category ° Citation of document, with indicatk>n,where appropriate, ol the relevant passages 



Relevant to claim No. 



LIAW, P.K. (UNIVERSITY OF TENNESSEE) ET 
AL: "Ni-Ti SMA-reinforced Al composites." 
JOM (2000) 52, (10), 52-56, 
PHOTOMICROGRAPHS, GRAPHS, NUMERICAL DATA, 
20 REF. ISSN: 1047-4838. 

XP001145535 
4.1 Design considerations, 4.2 Fabrication 
Procedure and 5.1 Design considerations 

US 5 508 116 A (BARRETT DAVID J) 
16 April 1996 (1996-04-16) 
Example 



1-33 



US 5 611 874 A (IMRAN MIR A 
18 March 1997 (1997-03-18) 
Figures 



ET AL) 



1-33 



14,15, 
29,30 



Food PCTflSA/210 {eonltousltan of second sheet) (July 1992) 
BNSOOCItt <WO 03047794M_IB> 



INTERNATIONAL SEARCH REPORT 



InternatU application No 

PCT/6B 02/05343 



Patent document 
cited in search report 



Publication 
date 



Patent family 
member(s) 



Publication 
date 



US 5508116 



16-04-1996 NONE 



US 5611874 



18-03-1997 



NONE 


AU 


718562 


B2 


13- 


-04- 


-2000 


AU 


6602796 


A 


26- 


02- 


-1997 


CA 


2227590 


Al 


13- 


-02- 


-1997 


EP 


0859673 


Al 


26- 


-08- 


-1998 


JP 


11510117 


T 


07- 


-09- 


-1999 


WO 


9704895 


Al 


13- 


-02- 


-1997 


us 


5772105 A 


30- 


-06- 


-1998 


us 


6329069 


Bl 


11- 


-12- 


-2001 



Form PCT/1SA/210 (patoni family annex) (July 1992) 
; <WO 03047794A1 JB> 



